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I. PROGRAM OBJECTIVES

The material and process evaluation program was initiated tc evaluate

the material properties and fabrication process characteristics of the 18%-

r nickel steel. The program was conducted in a logical sequence to investigate

and define significant variables early in the program (i.e., weld-wire composi-

tion, weld processing sequence, etc.) and to permit the fabricator to quali_

his processes and personnel before initiating fabrication.

This procedure avoided, insofar as possible, the requirement to provide

solutions to fabrication-process development problems concurrent with the

fabrication of the 260-SL motor components. All work in this program was per-
• formed using the procedures, specifications, equipment, material, and personnel

[_ applicable to fabrication of the 260-SL motor chamber and nozzle shell. Theeffort resulted in the solving of process development problems ranging in

character from re-establishlng the plate solution-annealing temperature to

training personnel for repair welding and operation of the maraging furnace.

I If. PARENT PLATE EVALUATION

i.

The objective of this phase of the material and process evaluation

program was to evaluate the aging response, tensile and fracture toughness

! properties, and mecallurgical characteristics of the parent metal plate.

The parent plate evaluation determined the acceptability of the AeroJet

li plate procurement specification and also served as a baseline for selecting

weld-filler-wire chemistry and welding procedures.

l;
The parent-plate evaluation was conducted both by AeroJet, Sacramento,

and the chamber fabricator, Sun Shipbuilding. AeroJet evaluated two heats cf
plate material (Republic heats 396052_ and 3920556) to clearly establish mate-

rial properties for subsequent welding investigations. Sun concurrently

B
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II, Parent Plate Evaluation (cont.)

evaluated plate-material (Lukens heat R-599-I) mechanical properties and

uniformity and metallurgical characteristics as a function of the temperature-

time maraging cycle variable.

i

A. EVALUATION OF PARENT PLATES (REPUBLIC HEATS 3960524 AND 3920556)

The grade 200, 18_/_-nickelmaraging steel allcy was _pecified for

use in fabricating chamber and nozzle shell assemblies and components in the

program. Prior to the initiation of the program, only limited studies had

been conducted to establish welding techniques, parameters, and filler-wire

compositions for joining grade 200, 18_-nickel maraging steel plate. To

adequately evaluate the effectiveness of the welding parameters established
%

in the welding evaluation program and the tensile, fracture-toughness, and

metallurgical properties of the weldments produced, it was necessary to compare

these properties with the mechanical and metallurgical properties of the base

metals used in the welding studies. Consequently, the investigations outlined

in this section were conducted to determine the aging response, tensile proper-

ties, fracture toughness, and metallurgical properties of the parent plate

materials (Republic heats 3960524 and 3920556) used in the TIG welding

investigations.

i. Experimental Procedures i

a. Specimen Preparation i

Tensile, slow-notch bend, and precracked Charpy impact I_

t!tests were used to evaluate the aging response, tensile properties, and fracture

toughness of the plate materials. The dimensions of these test specimens are

shown in Figure i. Two sizes of precracked Charpy impact specimens were used; _}

a standard sized (0.394 by 0.394 in.) specimen for both heats 3960524 and

3920556 and a plate thickness (0.600 by 0.394 in.) specimen for heat 3920556. [I

[I.
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II, A, Evaluation of Parent Plates (cont.)

The test specimens were oriented both longitudinally and

trsnsversetothe final rolling direction of the plates (see Figure 2). In the

longitudinal test specimens, maximum strain was parallel to the final plate

t rolling direction. All fracture toughness specimens were machined with the

notch through the thickness of the plate as indicated in Figure 2. In the

longitudinal specimens, fracture was parallel to the rolling direction.

The test specimens were cut from the as-received plate,

which was in the solution annealed condition. After machining to the dimensions

I shown in Figure I, the specimens were age-hardened (maraged). Subsequent to
aging and prior to testing, surface scale that had formed on the tensile speci-

,| mens waz removed with abrasive paper and the fracture toughness specimens were

subjected to cyclic stresses to form a fatigue crack at the root of the notch.

[! b. SpecimenTesting

I Tensile specimens were tested in triplicate for each
variable investigated. These tests were conducted in accordance with Federal

I Test Method Standard 151, using a strain rate of 0.005 in./in. Load and strain
were recorded during the tensile tests and the resulting load strain diagram

was used to determine the 0.2% offset yield strength. Elongation was measured

over a 1-in. gage length.

Five slow notch bend specimens were tested for each

variable to determine qualitative plane-strain fracture toughness values and

li the effect of aging cycle and specimen orientation on this material property.

Eight precracked Charpy impact specimens were tested to
determine qualitative plane-stress fracture toughness values for each heat of

plate material. Duplicate specimens were tested at each of four temperatures

B
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II, A, Evaluation of Parent Plates (cont.)

to establish the relationship between fracture toughness and test temperature.

The precracked Charpy impact specimens were tested at ManLabs Inc., using a

subsize impact testing machine that provides energy readings with an accuracy

of +0.010 ft-lb in the low energy range of i to 5 ft-]b.

Conventional metallographic procedures were followed

during the program. Inclusion ratings were established by examining the speci-

mens in the as-polished condition. Grain-size determinations were made with

a 10% chromic-acid electrolytic etch to define the prior austenitic grain size

which was rated according to ASTM EI12-61. General microstructure evaluations

were performed using Marble's e_chant in order to emphasize the martensitic

microstructure and, in conjunction with Knolls etchant, to determine the

presence of banding and/or severe alloy segregation.

2. Materials

Grade 200, vacuum-arc remelted, 18%-nickel maraging steel

plate from Republic heats 3960524 and 3920556 was evaluated. Both heats of

material were received in the solution-treated (1500°F for i hr) condition.

Each plate was inspected for defects at the mill and at Aerojet, using ultra-

sonic and magnetic particle inspection techniques in accordance with AeroJet

i specifications AGC 32115 (ultrasonic) and AGC 32116 (magnetic particle) and

¢ were found to be within the acceptable requirements of these specifications. ;

Copies of these specifications are included in Appendix A. 1

The chemical composition of the two heats and the composition i

limits specified in the applicable AeroJet procurement specification are pre-

sented in Figure 3. Although the cobalt and molybdenum contents of heat 3960524 I

were not in accordance with the procurement specification, the material was

purchased because it was expected that its __eld strength would fall within If

[.I
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II, A, Evaluation of Parent Plates (cont.)

the upper limit (235 ksi) specified for the 260-in.-dia motor program. In

addition, previous experience with 18%-nickel maraging steel at this strength

! level indicated that the fracture toughness of heat 396052h would be acceptable.

I The use of this heat also provided immediately available material for the

welding evaluations which could not be obtained at any other source. As

indicated in Figure 3, the chemical composition of heat 3920556 was within

specified limits.

1
Metallographic examinations were conducted on each plate to

establish microstructure, grain size, and inclusion ratings. Photomicrographs
showing typical microstructures, prior austenitic grain size, and the most

|_ severe areas of inclusions, are presented in Figures h and 5. As indicated in

U these figures, a typical martensitic micros_ructure was observed in both heats

of plate material, and no areas of banding or severe alloy segregation weren

noted. The prior austenitic grain size for both heats was ASTM 7, when rated

in accordance with ASTM Ell2-61. This grain size is considered typical for

_ 0 O 6--in . --thiCk, VaC U_-ar C remelt ed , 18%-nit kel mar agi ng steel plate and is

within the requirements of the applicable AeroJet specification (AGC 3h315).

[ Inclusicn ratings for the plates are shown below and are also within the
requirements of the applicable AeroJet specification.

:U A (Sulphides) B* (Aluminates) C (Silicates) D (Oxides)

Heat No. Thi____nnHeavy Thi____n _ Thi_.__nnHeavy Thi____nHeavy

396052h <1/2 <1/2 i i <1/2 <1/2 <1/2 <1/2
3920556 <i/_ <1/2 1/2 1/2 <1/2 <1/2 <1/2 <1/2

!
I *Titanium aitrite stringers are rated as type B inclusions.

I
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IT, A, Evaluation of Parent Plates (cont.)

3. Results and Discussion

The desirable combination of properties attained in the 18%-

nickel maraging steel alloys was achieved by age-hardenin_ the low-carbon

msrtensite that is formed in these materials when they are cooled from the

solution annealing temperature in excess of i500°F. The extent to which the

low-carbon martensite is age-hardened varies primarily as a function of the

cobalt, molybdenum, and titanium content of the steel and the aging temperature

and time employed in heat treatment. Relationships between tensile properties,

fracture toughness, and aging temperature and time define the agin_ response

of the material.

a. Aging Response--Tensile Properties

Tensile specimens from each heat were processed in
!

accordance with the following schedule of aging treatments to establish

relationships between tensile properties and aging time and temperature.

Aging

Heat No. Temperature t °F Aging Time, hr

3960524 850 4, 8, 16, 24

900 2, 4, 8, 16, 24

950 2, 4, 8, 16, 24

3920556 850 8, 16, 24

900 4, 8, 16, 24

950 4, 8, 16, 24

These aging cycles were selected on the basis of previous investigations of

18%-nickel maraging steel alloys to provide tensile property data for the

material in the underaged, maximum aged, and overaged condition, and which

would bracket the aging cycle anticipated for heat-treating the 260-in.-dia

motor components.
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II, A, Evaluation of Parent Plates (cont.)

(1) Heat 3960524

The tensile properties of Republic heat 3960524

after various aging times and temperatures are listed in Figure 6. The tensile

properties of this heat in the longitudinal orientation are plotted in Figure 7

to illustrate the effects of aging time and temperature on the 0.2% offset

yield strength, ultimate tensile strength, and elongation and reduction of
i

i
L area. The effects of aging time and temperature on the 0.2% offset yield

strength of this heat in the longitudinal orientation are summarized in the

following tabulation:

_ I 0.2% Offset Yield StrengthI ksi
|] Aging Temperature, °F . Aging Time_ hr

850 - 230 238 242 249

900 229 23h 239 232 228

i I 950 233 231 219 - 206
t

I On aging at 850°F, the 0.2% offset yield strength
increased with increasing aging times up to the maximum time investigated and

i did not show evidence of overaging. With an aging temperature of 900°F, tensile

• [i strength increased with aging times up to 8 hr and slight overaging, as indi-

cated by a reduction in both 0.2% offset yield and ultimate strength, occurred

• after 16 and 2k hr. At the 950°F aging temperature, maximum strength was

observed after the 2-hr aging treatment, and overaging occurred when aging

I] times of 8 hr or greater were used.

It was possible to vary the tensile properties of
heat 3960524 over a wide range by varying the aging treatment. The 0.2% offset

yield strength of this heat ranged from a maximum of 249 ksi after aging at

!
I Page 7

....... ! _ I all ,

1967020705-028



Report NASA CR 72126, Appendix B

II, A, Evaluation of Parent Plates (cont.)

850°F for 24 hr to a minimum of 209 ksi after aging at at 950°F for 24 hr.

Intermediate yield strengths of 220 to 239 ksi were obtained with aging times

of 4 and 8 hr at 8500F, 2, 2, and 8 hr at 900°F, and 2 and 2 hr at 950°F.

The effects of specimen orientation on the tensile

yield strength of plate from heat 3960524 are summarized in the following

tabulation:

0.2% Offset Yield Strength I ksi
Aging Time I hr

A_ing Temperatures, OF Orientation _ _ 2__4

850 Longitudinal 230 238 229

% Transverse - 248 250

900 Longitudinal 232 239 228

Transverse 220 2_h 233

950 Longitudinal 231 219 206

Transverse 226 - 210

After most aging cycles, the tensile yield strength of the plate in the trans-

verse orientation was slightly higher than in the longitudinal orientation.

The difference in yield strength ranged from a maximum of lO ksi after aging

i at 850°F for 8 hr to a minimum of i ksi after aging at 850°F for 22 hr. The

slight anisotropy observed in the yield strength of this heat is typical for

the 18%-nickel maraging steels and varies with mill processing practice.

The ductility of plate from heat 3960522 varied

with aging time and temperature, depending on the strength level attained after

each aging cycle evaluated. The percent of elongation varied fr_ a minimum

of 9.7% in the transverse orientation after aging at 850°F for 22 hr to a

maximum of I_.S% in the longitudinal orientation after aging at 950@F for 24 hr.

Page 8
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II, A, Evaluation of Parent Plates (cont.)

a

These minimum and maximum values in the percent of elongation accompanied the

maximum and minimum values for 0.2% offset yield strength, respectively.

I Reduction of area varied from approximately 55 to 64%, but these minimum and

i maximum values were not directly related to the extreme values in the 0.2%

offset yield strength.

i
All of the aging cycles investigated resulted in

i tensile yield strengths of plate from heat 3960524 above the minimum specified

value (200 ksi) for the 260-in.-dia motor program. Also, after many of the

aging cycles evaluated, the tensile yield strength of this heat exceeded the

maximum value of 235 ksi specified. Consequently, this material may be con-
?

sidered to represent the higher strengthheats that were accepted for use infabrication of motor components.

(2) Heat No. 3920556

The effects of specimen orientation and aging time

and temperature on the tensile properties of plate from heat 3920556 are shown

in Figure 8. The tensile properties of this heat in the longitudinal orienta-
tion are plotted as a function of aging temperature and time in Figure 9. The

I 0.2% offset yield strength of this heat in the longitudinal orientation aftervarious aging cycles is summarized below:

I 0.2% Offset Yield StrengthI ksi
Aging Time a hr

I Aging Temperature _ _ 16 24
850 198 211 220 239

I 900 21h 218 223 231950 215 219 222 225

!
!
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II, A, Evaluation of Parent Plates (cont.)

As indicated by these data, the yield and ultimate

strengths of this heat increased with increased aging time at each aging

temperature, and evidence of overaging was not observed at any of the three

aging temperatures for aging times up to 16 hr. However, the tensile strength

was slightly lower after aging at 900 and 950°F for 24 hr than after aging at

850°F for 24 hr, which could evidence that slight overaging occurred during

aging at 900 and 950°F for 24 hr.

The effect of specimen orientation on the tensile

yield strength of heat 3920556 are summarized in the following tabulation:

i 0.2% Offset Yield Strength! ksii
i Aging Time i hr

Jl Aging Temperature, OF Orientation _ _ 16 24

850 Longitudinal - 211 - 239

Transverse - 214 - 233

900 Longitudinal 2._ 218 222 233

Transverse 218 220 222 231

950 Longitudinal 215 - - . 225

Transverse 219 - - 220

With the exception of the 24-hr aging treatments, the yield strength in the

transverse orientations was slightly higher than in the longitudinal orientation.

However, the difference (6 ksi maximum) in yield strength as a function of

specimen orientation is considered minim_l and results primarily from variations

in mill processing techniques. Variations in ductility (percent of elongation

' and reduction in area) with specimen orientation and aging cycle were s4Jailar

to those observed with heat 3960524.

Page i0
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i II, A, Evaluation of Parent Plates (cont.)

After aging at 850°F for h nr, the 0.2% offset
yield strength (198 ksi) of this heat was slightly below the minimum specified

l (200 ksi) for the program. After aging at 850°F for 2h hr, the 0.2% offset

i yield strength (239 ksi) slightly exceeded the maximum (235 ksi) specified.

• Consequently, Republic heat 3920556 is considered a representative heat which

would be obtained in accordance with the requirements of AeroJet Specification

AGC 3h315. Also, the ultimate strength of heat 3920556 was lower than that

I heats were aged to maximum strength. However, the
of heat 396052h, when both

ductilities of both heats were similar when heat-treated to the same level.

! b. Fracture Toughness

"li
The fracture toughness of each heat of 18%-nickel maraRing

steel plate was evaluated on the basis of slow-notch-bend (SNB) and precracked

Charpy impact (PCI) tests with the notch oriented through the plate thickness.

The plane-stress fracture toughness value (W/A) obtained from the PCI tests

"I has been shown to approximate (within 10%) the plane-strain fracture toughness

values (Gc) obtained with the center notch tensile test and also provides s

i measurement of the effect of test temperature on fracture toughness.

_ The aging cycles selected for fracture toughness

, I/ evaluation using SNB and PCI specimens are shown below:

!E_ Sl°eclmen AKin_ Temperaturea °F Aglng Timel hr

Precracked Charpy Impact 850 8

900 8
950 8

900 2h

Slow-Notch-Bend 850 8, 16, 24

I 900 4, 8, 16, 2h
950 4, 8, 16, 24

I
P_ ii
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IT, A, Evaluation of Parent Plates (cont.)

(]) Slow-Notch-Bend Test For Id,_ne-gtrain Fracture

Tougnness

4(a) Heat c96052

The plane-strain (SNB) fracture toughness of

heat _960524, as a function of specimen orientation, aging temperature and

a_ing time, is shown in Figure i0. Fracture toughness was calculated by

Bueckner's method and by the spring-constant method (using both Rawe's analysis

and 5-point smoothing). The ranges and average values of fr_,cture toughness

based on the sprin_-constant (Glc) include two methods of analysis and two

ualibration runs.

As indicated by the data shown in Figure ii,
i

at a _iven a_ing temperature, an increase in aging time (from 4 to 24 hr) had
I

neither a significant nor a consistent effect on plane-strain fracture toughness

i;, spite of a decrease in yield strength on overaging at 900 to 950°F. Likewise,

aging temperature did not have a significant effect on fracture toughress. Con-

versely, test data for the two specimen orientations investigated appeared to

be significantly different, with the transverse-specimen orientation exhibiting

values of Glc between 40 and 211 in.-Ib/sq in. lower than the longitudinal

i specimen orientation. The average difference in Iracture toughness (Gic)

between the transverse and longitudinal specimens was 106 in.-ib/Jq in. The

lower toughness in the transverse-specimen orientation was consistent with the

higher 0.2% offset yield strength values in the transverse-specimen orientation.

@
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II, A, Evaluation of Parent Plates (cont.)

(b) Heat 3920556

I The plane-straln fracture-toughness data for

heat 3920556 as a function of specimen orientation, aging temperature and

aging time, are shown in Figure 12. Fracture toughness was calculated both

! by Bueckner's method and by the spring-constant method (5-point smoothing).

As indicated by the data in Figure 13, aging temperature had no significant

effect and, with one exception, aging time (from 4 to 24 hr) had no significant

effect on the plane-strain fracture toughness irrespective of the significant

increase in 0.2% offset yield strength with increased aging time. One exception
was observed in the transverse-specimen orientation aged at 850°F where a

_ decrease in toughness of more than i00 in.-Ib/sq in. was encountered after
U

aging at 24 hr in comparison to the data obtained after the 850°F for an 8-hr

aging treatment. This decrease in toughness was accompanied by a signi._cant
increase (28 ksi) in yield strength. _n contrast to heat 3960524, there was

, no significant differenc_ between the fracture toughness of longitudinal and

transverse specimen orientations. However, this effect was consistent with

._ittleor no difference in yield strength between the two specimen orientations.

*1
(c) Critical Defect Size

i {'. Accmparison of the fracturetoughnes, data

I for heats 3920556 and 3960524 indicates that, when aged to the same 0.2% offset
I yield strength level, the two heats exhibited approximately the same slow-notch-

bend fracture toughness, with average values _.angingfrom approximately 450 to

i 000 in.-ib/sq in. at a 0.2% o_fset _Aeld strength of 225 ksi. The Glc valuesi
correspond to KIc values of approximately 116 to 134 ksi _. and the follo_rl_

critical surface flaw lengths, assuming the indicated flaw shape and an
operating stress of yield-strength (225 ksi) magnitude:

Pa_e 13

[I
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Flaw Configuration k_i _ Critcal Flaw Length I in.(Surface Depth/Length) Klcm

O.l Zl6 0.62
o.z 13_ o.8_ i

0.3 116 0.33

O.5 116 0.31

In interpreting these data, a critical flaw shape, corresponding to a surface

depth/length ratio 0.i, is the most severe condition from a performance con-

sideration, while flaw depth/length ratios of 0.3 and 0.5 are the most critical

in terms of nondestructive inspection capability. As indicated by these data,

critical surface flaw lengths characteristic of both types of defects should

be detected using available nondestructive inspection techniques (magnetic

particle, X-ray, dye penetrant, and ultrasonic).

!
(2) Fatigue-Pr_ecrackCharl_ Impact Testing for

Plane-Stress Fracture Toughness

(a) Heat 396052_

The data presented in Figures i_ and 15 show

the precrack Charpy impact fracture "-oughness(W/A) data for heat 396052_ i
J

after various aging treatments. These data show increasing toughness with

increasing aging temperature, increasing toughness with increasing test temper- _
Hature, and greater toughness in longitudinal test specimens. At a 900°F aging

temperature, an increase in aging time from 8 to 2_ hr produced a significant

increase in toughness. Both the 950°F/8 hr and 900°F/2_ hr aging treatments i!

resulted in overaging as measured by tensile properties.

!l
(I
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II, A, Evaluation of Parent Plates (cont.)

i (b) Heat 3920556

i The data presented in Figure 16 show the pre-

[ crack Charpy impact fracture toughness (W/A) data for heat 3920556 after various

aging treatments. These data show a trend toward decreasing toughness with

I increasing aging temperature, increasing toughness with test temperature, and

little difference in fracture toughness between the longitudinal and transverse

i specimen orientation. A comparison precracked Charpy impact frac-
between the

ture toughness of _eats 3960523 and 3920556 is complicated by a difference in

I_ specimen size. However, from the data shown in Figures i_ and 15, heat 3920556
was significantly tougher than heat 396052_, considering that a wider specimen

was used in testing heat 3920556; the wider (0.575 in.) test piece would be

"I expected to indicate lower fracture toughness values.

A comparison of the SNB and PCI test results

for both heats indicates that,although specimen orientation had similar effect

I the two tests, aging temperature produced different effects in the two tests.
in

0

Aging temperature did not have a significant effect on SNB fracture-toughness

i in either plate material. However, PCI toughness increased with aging tempera-
ture in heat 3960524. The different trends in fracture toughness as a function

I! of aging cycle are attributed to the fact that SNB fracture toughness is afunction of the energy required to initiate crack growth while PCI fracture

_ toughness is primarily a function of the energy to propagate fracture.

B. EVALUATION OF L_(ENS PLATE R-599-1

l
This material evaluation task was conducted for the purpose of

" selecting optimum maraging cycles for production plate material characteriza-
tions that would give maximum values of toughness with satisfactory yield

_l strength and to supplement the parent plate evaluation conducted by AeroJet-
IJ General. Lukens plate R-599-1 was selected for this stu_7, since this material
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II, B, Evaluation of Lukens Plate R-599-I (cont,)

closely approximated the plates to be used in the actual fabrication of the

motor chambers. This plate was rolled from a forged slab ll9 by 61 by 6 in.

thick which was cut from the bottom of a 30-in.-dia vacuum-arc remelted ingot.

The plate was finished to a final size of 507 by 123 by 0.610 in. and solution-

annealed at 1500°F for 1 hr. The mill-certified analysis on the chemical

composition, averaged from four locations on the plate, is given in Figure 17.

A complete report of this subtask of the materials and process evaluation pro-

gram has been prepared by Sun Shipbuilding, Reference 5.

i. Specimen Preparation and Testin_

A total of 168 tensile and slow-notch-bend tests were con-

ducted to evaluate the tensile strength and plain strain fracture to._hness

of a 0.610-in.-thick, 200-ksi maraging steel plate in both the longitudinal and

transverse directions. All specimens tested were taken from one plate area and

compared the longitudinal and transverse directional properties of the plate.

The data showed that the fracture toughness varies with the maraging cycle for i

plate material.

|
!

a. Tensile Specimens -"

i

! Upon receipt of plate R-5_9-I, seventy-two 0.250-in.-dia

I specimens from the plate area (denoted as Top 5 in Figure 8), 36 in the longi-
i tudinal and 36 transverse to the rolling direction, were machined for tensile _,

testing. All machining operations were performed with adequately cooled

specimen material.

::. The samples were maraged in a calibrated convection
furnace at the Sun Oil Metallurgical Laboratories at temperatures of 850, 900,

_ and 950°F for periods ranging from 2 to 32 hr as shown below.
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i II, B, Evaluation of Lukens Plate R-599-I (cont.)

I

f

Temperature, °F Time, hr

850

8

- 32

900 2

16

950 2
h

8

"_ 16

The specimens were testing on a 120,000-Ibf Riehle

universal hydraulic tensile tester with a certified calibration within + 1.0%.

E -The test area temperature ranged from 76 to 80°F, with the relative humidity

between 22 and _8%. The strain rate during loading to yield was 0.010 in./in./

[_ min.

b. Slow-Notch-Bend Specimens

i! The fracture toughness testing was accomplished with56 longitudinal, 20 transverse, and 20 short transverse specimens for the slow-

notch-bend test and i0 calibration bars, all from the plate area denoted as

I" Top i in Figure 18. The linear dimension from the root of the notch to one end

of the specimen was held to within 0.002 in. during machining, thus enabling the
_ 4

tZ

U
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II, B, Evaluation of Lukens Plate R-599-I (cont.)

All longitudinal and transverse bend specimens were

notched through the plate thickness, and the short transverse specimens were

notched along the plate surface. These specimens were maraged at the Sun Oil

Metallurgical Laboratories at temperatures of 850, 900, and 950°F for periods, iJ
ranging from 4 to 32 hr as shown below:

Temperature _ °F Tim_ _ hr °

850 4

8

16 ._

32

9oo 4

8 !
950 4

8

16 -'

After fatigue cracking, the bend specimens were tested -.

in a Riehle universal hydraulic tensile tester with a Sun-designed and

-fabricated, three-point bending fixture attached. A specimen rate of 0.020/ "|_b

0.025 in./min was used. Load and deflection were autographically recorded for

each specimen; an example of such a record is shown in Figure 19. The deflec- i_
--J

tion is picked up from a linear differential transformer located between the

top and bottom plates of the fixture. !]

The point where the load deflection curve deviates from
Ulinearity is marked on the graph. ._is point is analyzed further to yield

plane-strain fracture toughness values. On many of the load deflection curves, n

a Jog (constant load with increasing deflection) was noted near the point of U

deviation from linearity. This Jog probabl_ curresponds with a rapid fracture.
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II, B, Evaluation of Lukens Plate R-599-1 (cont.)

!

j The calibration bars were loaded within their linear

elastic limits, and the maximum loads for the various notch depths are given

i below:
i

Depth, in. Maxlm.umLoad j lb

i 0 6000

0.i00 6000

i O.150 6000

0.175 6000

O.200 6O0O
0.225 6000

,l_ O.250 _800
!' 0.275 _8o0

O.300 3600

O.325 3600

Ii Each specimen was loaded three times and the average load deflection slope for

the three runs was recorded.

[
Plane strain toughness values (G c) are calculated using

the calibration curve for the material tested. Toughness values by the Bueckuer
analysis (Gic) were calculated, using half of each specimen positioned in a

[! comparator, and notch depth was measured.

2. Anal_sis of.Results

a. Tensile Specimens

The data from the tensile tests for all 72 specimens is

i tabulated in Figure 20 and is plotted in Figures 21 through 2_. Upon examina-
tion of these plots, it can be seen that all of the maraging cycles, with the

exception of the long-time 850°F cycle, produced yield strengths between 200
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II, B, Evaluation of Lukens Plate R-599-I (cont.)

and 235 ksi. The strength response to the various maraging cycles is considered

typical for this material, Where strength losses were observed at times longer

than those which showed maximum yield strengths, overaging of the material was t
!

indicated. The results of the aging cycles for each orientation are discussed

separately.

(i) Longitudinal Orientation

At 850°F the field strength for the longitudinal

specimens increased with the lcnger ag._ times. At 900°F the maximum strength

was achieved at about M-hr aging time and remained _oustant to 16 hr. Maximum

, strength was achieved in _ hr at 950°F; however, _o_ger aging times resulted in !

a loss in strength, although no additional strength losses occurred between 8

and 16 hr, which indicates that the material had been overaged at 950°F. !
o .

With higher longitudinal strength levels, a char-

acteristic decrease in reduction of area values was exhibited. This character-

istic was independent of orientation as evidenced by comparing the transverse

to the longitudinal direction values shown in Figure 21. However, at 850°F,

the 8 to 16 hr cycles in which the significant strength increases occurred

showed no losses in reduction of area values. All tensile-specimen reduction

of area values fell between _8 and 61%.

(2) Transverse Orientation !!

Throughout all of the maraging cycles, the trans- _1

verse strengths were consistently higher than the longitudinal strengths. At

950°F, where a loss in strength had been exhibited at longer times in the U

longitudinal direction, no strength change occurred in the transverse direction,

but a decrease of 2 to 3_ in reduction of area values did occur. Although the H
I

reduction of area measurement (Figure 20) is considered to be a more sensitive

measurement of ductility, elongation measurements made for all a_ng cycles I
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Ii II, B, Evaluation of Lukens Plate R-599-I (cont.)

i within one orientation showed no significant variation as a function of
aging

cycle. All values were between lO and ll%. The minimum anistropy in yield

I strength (3 to h ksi) occurred at 950°F for the h-hr cycle and at 900°F for
the 8-hr cycle.

I b. Slow Notch Bend Specimens

I The characteristic trend of increasing toughness values

with decreasing strength values is shown in Figure 25. This figure is an

I overall presentation of the tensile and bend specimen data for the
R-599-1

plate. The slope of the data band is indicative of the material toughness

• j sensitivity to changes in yield strength. The slow-notch-bend data for plate
t

R-599-1 is tabulated in Figure 26.

7 In Figures 27, 28, and 29, the influence of maraging

time and terperature on strength and toughness is readily apparent. Figure 30

I compares Bueckner's analysis to the spring constant method of analysis. The

plane strain fracture toughness values (longitudinal) tend to peak around the

I 8-hr heat treatment. Underaging this plate m_terial at 850°F and 900°F for
2 to _ hr would not result in high toughness, although the yield strength values

_i are low. Overaglng at 9500F and the attempt to overage to 850°F did not result
in low toughness in relation to yield strength. The specimens aged at 950°F

possessed the highest toughness values and the lowest strength values.

Although the notches in the slow-notch-bend specimens are

1 not geometrically similar to surface flaws, values of G c obtained from these
specimens define a material property and may be used to calculate critical flaw

t_

li ....,o. %° o..o ,.,, ,
I1_

depth to length ratio of 0.1 are as follows:

It
U
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II, B, Evaluation of Lukens Plate R-599-I (cont.)

i

Orientation Gnc' in"lb/in'2 Critical Flaw Depthl in.

Longitudinal 350 0.070

Transverse 250 0.050

C. EVALUATION OF PLATE-ANNEALING TEMPERATURE

During the early phases of steel plate procurement, the plate

suppliers recommended changes in the solution-annealing temperature for plate

material specified in the AeroJet procurement specification; the specification

requirement was 1500°F + 25°F. The need for a change in the solution-annealing

temperature became evident when the plates produced exceeded the maximum yield

strength level (235 ksi). An evaluation of the effect of solution-annealing

temperature was then conducted and a report was prepared by Sun Shipbuilding,

(Ref 6).

By February 196_, 13 Allegheny Ludlum plates and five Republic

plates had been solution-annealed. Allegheny Ludlum informed Sun that tensile

tests and photomicrographs taken from crop ends on four plates would not meet

the AeroJet plate material procurement specification. At this time, four other

Allegheny Ludlum plates annealed at 1500°F had been completely processed and

" shipped. It was not possible to reanneal these plates since they had been ground

* to gage and sufficient material was not present to remove the scale which would :

result from reannealing.

To determine the minimum annealing temperature for the remaining

plates produced, as well as for reannealing plates not yet delivered, a test i_

plan that combined metallographic and mechanical testing was prepe_ed. Sun

obtained crop ends from four Allegheny Ludlum plates for use in this evaluation, i l

Republic Steel ran pilot tests to reanneal four plates end to qualify the

annealing of ten additional plates. Cameron also ran qualifying tests on three |!

1-1/2-in. gage plates before anne_.
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i II, B, Evaluation of Lukens Plate R-599-1 (cont.)

! i. Allegheny Ludlum Plate Material
T

i The first indication that Allegheny Ludlum plates would not
meet the AeroJet plate specification was received in February 1964. Allegheny

f Ludlum had conducted pilot tensile tests on plates from four heats of material

I listed in Figure 31. These specimens were taken from crop ends after the plates

were annealed at 1500°F. Transverse yield strengths from 235 ksi to 243 ksi

i resulted from an aging cycle of 890°F for 4 hr. Directionality in strength

between longitudinal and transverse orientations was between 7 ksi and 27 ksi,

I and the microstructures were not recrystallized.

• | For comparison purposes, the tensile results obtained from
!
' the same plate material after a 1650°F reannealing heat treatment are also

shown in Fig1_re31. An average decrease in transverse strength of 15 ksi isshown, while the longitudinal strength decreased only 5 ksi after the reanneal-

ing. Comparing all of the reannealed plates in both plate orientations, the

I maximum strength difference was 14 ksi. A general increase in ductility was

also shown in the reannealed plate specimens.

The tensile results f_r plates annealed at 1500°F by Allegheny

I_ Ludlum are tabulated _n Figure 32. The yield strength values are not apprecia-

•t_ bly higher than those for the reannealed plates, and the strength directionality

i was less than i0 ksi. However, these plates did not show fully recrystallizedmicrostructures. Additional testing to further evaluate strength and toughness

was performed as part of the material characterization program.

After the Allegheny Ludlum test results were received, Sun

_! obtained unannealed crop ends of the four plates annealed at 1500°F. The
!

results of metallographic analysis conducted at Sun Oil indicate the recrys-

|I tallization of the microstructure occurred between 1600 and 1700°F. To assure
t_

recrystallization of different gage plates annealed with a 50°F temperature

tolerance, a solution-annealing temperature range of 1650 to 1700°F was selected
Page 23
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II, B, Evaluation of Lukens Plate R-599-I (cont.)
• o

for evaluation. To assure that strength properties would be satisfactory in

this temperature range, tensile specimens were taken from each plate. The

specimens were laboratory annealed at 1600, 1650, and 1700°F before aging. _i
T

The test results are tabulated in Figure 33. The test data show an excellent

grouping of strength results, which was generally around 220 ksi yield strength 1
in the longitudinal direction and 225 ksi yield strength in the trs_sverse _

direction. These data agree with the mill test results (Figure 31), and indi-

cate that recrystallization had occurred in this temperature range and that

changes in microstructure had not taken place before changes in strength.

PCI specimens were also taken from the four plates listed in

, Figures 31 and 33, and the test results are tabulated in Figure 3_. In general,

the W/A values for the two plates that were 0.610-in. gage were about 825-in.-

Ib/sq-in., while the 0._10-in. gage plate values were around 575 in.-Ib/sq in. *

No difference in W/A values resulted from specimens annealed at 1650 and 1700°F. _!

The 1600°F annealed specimens were incorrectly tested at -40°F. This latter

data grouped more closely together, but this is a characteristic of the impact i

test at the lover test temperature.

It was difficult to evaluate the reason for a 50_ difference

"iin W/A values for the different gage pla_tes,which had essentially the same i
plate chemistries, strengths, grain sizes, and i_clusion ratings. Because of

the difference in plate gage, the impact specimens were 0.39_ and 0.600 in.

wide. To determine whether part of the difference in W/A values arose from !1

specimens of different width, a comparison was made using Allegheny Ludltm

plate 25000-1. I)

The impact data shown in Figure 35 c_pares W/A values for N
,o!

Allegheny plate 22000-1 of impact specimens which were 0._ and 0.600 in.

wide. All specimens were taken aloag the lcagitudinal plate orientatioa, and [|
LJ

the specimens of different width were aligned to eliminate var_ati_ in plate

location.
Page 2_
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II, B, Evaluation of Lukens Plate R-599-I (cont.)

i It was concluded that from these data the influence of the
precracked impact specimen width (0.39h and 0.600 in.) on W/A values is not

i appreciable and is generally within a 10% band of experimental accuracy. This
comparison is valid over a range of W/A values from 700 to 1000 in.-lb/sq in.

i The 50% difference in W/A values exhibited by the four-plate comparison mustthen be a true difference which is not obscured by specii_ensize or scatter

of data.

2. Republic Plate Material

l.
Four Republic plates were ordered to be reannealed at 1650

% |_ and 1700°F. Comparison data for the 1500OF and the 1650 to 1700OF reanneallng

: |I temperature are shown in Figure 36. A decrease of about 15 ksi in transverse

! _. yield strength and about 5 ksi in longitudinal yield strength was evidenced by- the higher reannealing temperature. All plate yield stren&_h ranged between

20_ and 219 _si for both orientations, with less than l0 k_i directionality

I after reannealing.

I On subsequent plates, Republic was requested to p_rform a
combined tensile and metallographic stu_ before s_mealing. The results of

I these studies are shown in Figures 37 and 38. In the annealing tomperature
range of 1650 to 1700°F: no significant changes in strength were noted. For E_

i" all seven plates, yield strength ranged between 205 ksi and 211 ksi withdirectionality less than l0 ksi. The metallographic analysis showed recrys-

tallized microstructures with fine grain structures at annealing temperatures

I between 1650 and 1700OF.

li 3. Cameron Plate Material

Cameron conducted a solution-annealing evaluation on the
three 1-1/2-in. gage plates that was scheduled for the 260-SL-1 nozzle shell
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II, B, Evaluation of L_kens Plate R-599-I (cont.)

cone sections. The tensile results from this study are shown in Figure 39.

_i_ephotomicrographs for these plates showed an equiaxed grain structure at

the lower annealing temperatures with a tendency toward further refinement at
I

tLe 1650 _md 1700°F annealing temperature.

Baseu on the plate acceptance data shown in Figure 40, all

strength values ranged between 210 and 216 ksi with very minor directionality.

Based on the findings of this evaluation, all subsequent

orders for plate material for both motors were placed with a 1650 to 1700°F

solution-annealing temperature range. In addition, the Aerojet plate procure-

mcnt specification AGC-3h315 was revised to require solution-annealing in the

range between 1650 and 1700°F.

[J

I]
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III. FORGING MATERIAL EVALUATION

q

t

The design of the 260-in.-dia motor chamber and nozzle shell components

required the use of large-diameter, thin-walled, ring-rolled forgings, which

• were used in the chamber forward and aft Y-ring skirt attachments and the

i chamber-to-nozzle attachment flange. Forgings were also used in the nozzle

shell for the entrance flange, throat section, and exit _ection. Each compo-i

! nent represented custom-forged shapes; very little experience existed in

forging 18%-nickel stc_l, particularly to the size and configuration required.
(
(

A program was developed for forging evaluation consistent with the

overall program objective of thorough understanding of material and process
characteristics. The three forged components of the 120-in.-dia motor nozzle

k |i shell were tested and evaluated as suoscale components for 260-in.-dia motor
t} application. The complete results of this forging evaluation program are

presented in a report prepared by Sun Shipbuilding (Ref 7).

Because of the differences in material, forging configuration, and the

of test material available, the test for the entrance flange
type program

differed from that for the intermediate section and exit flange; hence, the

two test programs are discussed separately. Additional testing performed on
the forgings by Sun Shipbuilding, including acceptance tests and experimental

weldments, was also presented in the evaluation.• _

A. ENTRANCE FLANGE

{
i. History of Material and Forging Practice

Vacuum-arc remelted, 200-ksi maraging steel from Lukens heat

{i R-559 was supplied to Ladish in the form of a 10-in.-thick slab, measuring

50 in. long by 28 in. wide. A 2-in.-thick coupon was removed from one end of

the slab section, and stock acceptance tests were conducted for comparison toAerOJet Specification AGC-3_316. This testing included the analyses presented

below.

| •
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III, A, Entrance Flange (cont.)

a. Chemical Analysis

The chemical analysis of the slab section conformed to

specification requirements, as shown in Figure 21.

b. Microcleanliness

The Ladish microcleanliness rating for the slab section

is recorded below.

AGC-3h316 Limits Slab Section

• Inclusion Type Thi__n Heavy Thi__nn
%

A 2 1.5 0 0

B 2.5 1.5 0 0

C 2 1.5 0 0

o 2.5 2 0.5 0

Ladish did not rate titanium nitrides in the micro-

cleanliness check. If rated by the D type, the values would be 1.5 for thin ".

series and 1.0 for heavy series.

c. Mechanical Properties

Room-temperature tensile tests were conducted on speci-

mens machined from the test bars forged at 1900°F. These forged test bars

were subsequently solution-annealed at 1500°F for i hr, air cooled, aged at !i

890°F for 4 hr, and again air cooled (in accordance with AmroJet specification

AGC-3_316). The resultant properties of the specimens in the forgin_ {1
i Jdirections indicated are listed in Figure 42. i

[}
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III, A, Entrance Flange (cont.)

2. Forging Procedures

The following forging practice was used to shape the entrance

flange from the slab section:

a. Reforge to approximately 20-in. octagon from original

10-in.-thick by 28-in.-wide stock size. Metal temperature during working was

2060 to 1510°F.

b. Upset to 9 in. thick by hi in. diameter. Metal tempera-
!

ture range was 2030 to 1715°F.

i l c. Plug and punch hole. Metal temperature range was 1960

to 1660°F.

d. Three-pass saddle roll to 19-in. ID by hh-in. OD by

i 12 in. high. Metal temperature was 1980 to lh90°F.
range

e. Flatten and ring roll in four passes to final forging
configuration. Metal temperature range was 1900°F to color (approximately

lhOO°F).

After forging, the flange was rough-machined to a rectangular

I cross section and tested ultrasonically using Ladish in-process quality control

inspection routines; no defects were noted.

I
After ultrasonic inspection, an ID test ring was parted from

|i the as-rolled flange and metallurgically evaluated to determine the optimum

!
i solution annealing temperature. An optimum annealing temperature of 1625°F

was established, after which the test ring was laid into its original position !
in the flange, and both we:e solution annealed. !

1

i
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III, A, Entrance Flange (cont.)

Subsequent to solution annealing, an OD test ring was parted

from the flange, and the balance of the process evaluation testing was per-

formed on both test rings. Figure 43 shows the approximate dimensions and

locations of the test rings in the final rough machined configuration.

After completion of the heat treatment and machining to final

rough machined configuration, the flange was again ultrasonically inspected.

Magnetic particle inspection in accordance with the provisions of AeroJet

specification AGC-32116 was also performed; no defects were noted.

3. Testing Procedures and Results

%

The testing conducted by Ladish fell into three general

categories:

a. Solution annealing response.

b. Maraging response.

c. Uniformity and directionality.

Procedures for these tests and results obtained are outlined

below; locations of test material are shown in Figure 43. i

a. Solution Annealing Response

A preliminary investigation to determine the optimum

solution-anneallng temperature for the flange was conducted by removing a >{

tamgential gradient bar from the ID test ring B (Figure _4) and solution-

eanealing over a temperature range from ii00 to 2100°F. Photomicrographs if

were taken at IO0°F intervals along the bar, as shown in Figure _5. It can

be seen that recrystallization (evidenced by the equiaxed, refined micro- i_

t_tructure) is complete at 1600°F, and grain coarsening begins at approximately

1800°F' [I

Pqe 30

 UUPImnlunmm " unto ,

1987020705-051



Report NASA CR 72126, Appendix B

III, A, Entrance Flange (cont.)

I"

i Based on the metallographic examination of the tangential

gradient bar, five solution-annealing temperatures (1500, 1600, 1700, 1800, and

i 1900°F) were selected for study. Two tensile specimens (four at 1800 and

i 1900°F), two V-notch Charpy impact specimens, and three precracked impact

specimens from the ID test ring B, shown in Figure 43, were solution-
J
_ annealed at each of these temperatures, maraged at 890°F for 4 hr, and tested

at room temperature. The orientation of the specimens is shown in Figure 44_
(

1 test results are tabulated in Figure 46.

I Upon review of these test results Sun selected a tem-

perature of 1625°F for solution-annealing the flange and the balance of the

• | test material.

!

_ b. Maraging Response

To evaluata the response of the forged material to

maraging, 15 tangential tensile specimens were machined from the solution-

annealed ID test ring B. Groups of three specimens each were maraged at five

different cycles, and tested at room temperature; the results are recorded in
Figure 47.

• c. Uniformity and Directionality

The overall quality of the flange was evaluated with

respect to uniformity and directional characteristics by testing tensile speci-

I mens which represented three directions and two locations, and PCI specimens

which represented four orientations. Macroetc._es and ASTM grain size deter-

I minations were also included in these evaluations.
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III, A, Entrance Flange (cont.)
q

The tensile specimens were selected for a comparison

of the three principal directions in the forging (tangential, radial, and

axial) from two locations around the circumference, and the OD and ID of the

flange. Tangential specimens were taken from two locations 180-degrees apart

on the 0D test ring A-2 and two locations 180-degrees apart on the ID test

ring B. Radial specimens were taken from two locations 180-degrees apart on

the OD test ring A-2, and axial specimens were taken from two locations 180-

degrees apart on the ID test ring B. The machined specimens were maraged at

890°F for 4 hr and tested at room temperature. All tests were made in dupli-

cate. Specimen location diagrams and tensile results are shown in Figure 48.

To evaluate the notch toughness of the flange in various

directions, FCI specimens were machined fx n the test rings at four different

i orientations. Tangential specimens were taken from the OD test ring A-2 and
t
i notched so that the fracture would propagate in an axial direction, and thef

plane fracture would be perpendicular to the flow line direction of the

forging. Presumably, this orientation would show the maximum toughness values

of the flange. Radial specimens were also taken from the OD test ring A-2 and

notched so that the fractur_ would propagat_-axially with the plane of fracture

parallel to the flow line direction. Axial specimens were remo_.edfrom the ID

test ring B and notched in two different directions so that toughness could be -ii
I.

i evaluated with the direction of fracture propagation perpendicular _o the flow ""
line direction and parallel to the flow line direction; plane of fracture in

both cases would be parallel to the flow line direction. It was presumed that

the axial orientation with the direction of fracture propagation parallel to

"ithe flcw lines would show the minimum toughness values. Specimen orientations !

are shown in Figure _9.

f

#
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i III, A, Entrance Flange (cont.)

q

All of the impact _pecimens were maraged at 890°F for

_' 4 hr, fatigue cracked, and tested at -40°F, room temperature, and 200°F; three

specimens were tested per orientation and test temperature. These test results

are shown in Figures 49 and 50.

I _. Discussion of Results

i a. Solution Annealing Response

While the yield strength of the material solution-
annealed at 1500°F was approximately the same as that for similarly treated

I 5/8-in.-thick plate, a decrease of approximately 12 ksi occurred when thei solution-annealing temperature was increased to 16C0°F This decrease in. •

. |__ yield strength was accompanied by a corresponding increase in toughness

, _ values. These trends, along with the photomicrograph study (Figure h5),

indicate that a large amount of recrystallization occurred between these two

temperatures.

I At the 1800°F solution annealing temperature, the
Charpy values were maximized, and the W/A values were correspondingly high,

I but the yield strength was below the 200-ksi minimum strength. Conversely,the 1900°F samples sho_ed a slight restoration of tensile properties, but

showed a loss of toughness indicative of grain coarsening. This correlates

I closely with the gradient bar photomicrographs shown in Figure 45. It was

apparent that neither of these temperatures would be satisfactory for

solution-annealing this material.

The best combination of acceptable yield strength and
maximum Charpy and W/A values was obtained in the temperature range of 1600

to 1700°F. The yield strengths were on the lower side of the 200 to 235 ksi

!
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range, but it was felt that these would increase with additional time at the

maraging temperature. Since slightly better W/A values were developed with

the 1600°F solution-annealing treatment than with the 1700°F treatment, a

temperature of 1625°F was selected for solution-annealing of the flange.

b. Maraging Response

The five maraging cycles chosen for evaluation all

produced yield strengths within the 200 to 235 ksi range, elongations of ll

to 1_%, and reduction of areas of 55 to 60%. While all yield strengths were

acceptable and differences in ductility were minor, two noteworthy

observations were made:

(1) The 850 and 890°F cycles produced generally higher

yield strengths with greater ductility than did the 950°F cycle and should be

more suitable for maraging this material.

(2) The anticipated increase in yield strength was

gained when the aging time at 890°F was increased from 4 to 8 hr.

c. Uniformity and Directionality i
I

A comparison of three directions, two locations on the

circumference and the OD and ID sections of the entrance flange forging, I
l

showed yield strength to be uniform within a range of 8 ksi. Specifically,

the maximum data point spread for a single orientation was 7 ksi on the il

radial specimens, and the maximum difference among all specimens at all

il
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i A greater degree of anisotropy was observed inductility. Maximum elongation and reduction of area were associated with

the tangential orientation and the minim1"m with the axial orientation.

i
Although the W/A values obtained from the PCI specimens

i were different with different orientations, the observed differences were nott

considered large for a wrought shape with a preferred orientation. As

i expected, the tangential specimens showed the highest W/A values at all three
test temperatures, and the axial specimens notched parallel to the radius

showed the lowest values. The axial specimens notched parallel to the ID andthe radial specimens showed W/A values similar to those of the other orienta-

tions. The results are shown in Figures h9 and 50. In all cases, the W/A{

_i values increased with increasing test temperature and directional difference

decreased with decreasing test temperature.

The tangential grain-flow pattern observed on the

I macroetched coupons was substantiated by the impact data. The tangential
specimen orientation showed the highest W/A values indicating the largest

i resistance to crack propagation. From a structural viewpoint, the grain-flowpattern was ideally located to suppor_ the hoop stresses encountered in

service.

B. INTERMEDIATE SECTION AND EXIT FLANGE

[
i. Historyof Material. and Forging Practice

Vacuum-arc remelted, 200-ksi grade maraging steel from

i Allegheny Ludlumheat 25005 was obtained by Ladish in the form of a 19-in.• billet. Tests were conducted for comparison to AeroJet specification

AGC-3_316 stock acceptance requirements from half of a 2-in.-thick slice

I representing the top of the billet. This testing included the following:
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a. Chemical Analysis

The Ladish check analysis of the billet is tabulated in
J

Figure 51. i

b. Microcleanliness
.7

The Ladish microcleanliness rating for the billet is

recorded below,

Inclusion AGC-3h316 Limits Center Mid-radius Surface

Type _ Thin _ Thin Heav_ Thi___nHeavy Thin Heav_

" A 2 1.5 ...... !

B 2.5 1.5 ......

c 2 1.5 ....... '

D 2._ 2 0.5 - 1.0 0.5 0.5 -

E* 2.5 1.5 2.5 1.0 2.0 1.5 1.5 0.5 }

c. Mechanical Properties .

I

Two lon@Itudlnal 0.252-in.-dia tensile test spec._mens

were taken from a 3 by 6 by 2 in. (longitudinal direction) test block _!

reforged to 3 by 3 in. by length-of-stock (longitudinal direction). Maximum

forging temperature was 1950°F. Speci._e_s were solution-annealed at 1500°F i l

_E for 1 hr and air cooled, then aged at 890°F for h hr and air cooled .rior to

testing. The results are shown in the following tabulation: |j
!

IIII....... J __ mum ' ,
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UItimate

0.2% Offset Tensile Elongs.;ion Reduction
Yield Strength, Strength, in 1 in. in Area,

i ksi , ksi.... % %
I 218.0 229.5 i0 42

215.3 225.6 i0 52

The tensile results conformed to the AeroJet specification of 200 to 235 ksi

I yield strength.

I 2. Forging Procedures

a. Intermediate Section

_e followin& forging practice _.asused to shape the

F 'intermediate section from the billet stock:

I (i) Break corners and upset to 27-5/8 in. diameter,
Metal temperature was 1940 to I_70°F during working.

I (2) Extrude and punch hole. Metal temperature was

19_5 to 1710°F.

.if
(3) Saddle roll to 18-i/2-in. ID in three heats.

- Metal temperature was 1870 to Ih00°F.

I (4) Flatten to 34-1/4 by 19-in. ID. Metal temperature
was 1655 to l_80°F.

I
_ (5) I_ng roll to 28-i/2-in. ID in two heats Metal

! temperature "sas1910 to I_IS°F.

U Pmge 37
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(6) Conically saddle to 32-1/2 by 40-i/2-in. ID in

four passes. Metal temperature was 1630 to l_O0°F.

i
(7) Swage to forging print in two passes. Metal

temperature was 1630 to 14_O°F.

b. Exit Flange

!

To shape the exit flange from the billet stock, the

following forging practice was used:

• (i) Break corners, upset, plug, and punch. Metal i

temperature during working w ls 2060 to 1610°F. |

(2) Saddle roll from 7-1/4 to 15-in. ID in two heats, il

Metal temperature was 2015 to I_O0°F.

Zi
(3) Flatten to 17 in. thick in two heats. Metal

temperature was 1965 to 1550°F. _
L

(h) Ring roll to _9-3/16-in. OD. Metal temperature _
t)was 1970 to 15_O°F.

(5) Swage to forging print. Metal temperature was

1595 to I_50°F.

H
A 3-1/_-in. wall by 5/8-in. high test ring (CFR) was

parted from each forging in the as-forpd cc_dition for use in determining
U

the optimum solution annealing temperature. The forgings were solution

annealed with the test rings in their original positions. After solution n

l!
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III, B, Intermediate Section and Exit Flange (cont.)

annealing, a i-in. wall by 3-1/h-in.-high test ring (CFA) was parted from each

of the forgings for use in product evaluation.

3. Procedures and Results

( Ladish testing on the intermediate section and exit flange

is classified in two categories and described below.

a Solution-Annealing Response (CFR Rings)

I The effect of solution annealing temperature upon the

lJ mechanical properties of the forgings was evaluated by solution-annealingthree tangential tensile specimens and three tangential PCI specimens from

,i _ each of the two forgings at each of the following temperatures: 1500, 1600,

[_ 1650 1700, and 1800°F. Following solution annealing, all specimens were

maraged at 890°F for h hr and tested. All tests were conducted at room tem-

[ perature. The results are presented in Figures 52 and 53.

Solutlon-annealing temperatures of 1625°F for the
intermediate section and 1650°F for the exit flange were specified after

_ evaluating the mechanical property testing and metallographic study. The• criteria for selection of the solution-annealing temperatures were a fine

- grained, recrystallized microstructure, and maximum fracture toughness (W/A)

I with acceptable yield strength (200 to 235 ksi). The forgings were solution-

annealed for 3 hr at these temperatures.

['
! b. Product Evaluation (CFA and CFR Rings )

i •
t - The mechanical properties were evaluated at two

i [7 locations 180 degrees apart on each forging with tensile and PCI tests._i Specimens %_re maraged at two cycles, 890°F for _ hr and 890°F for 8 hr.
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The groups of three tangential specimens were removed

f_om the CFR ring so that one specimen from each group represented the ID nf

the forging, one specimen represented the midwall, and one specimen repre-

sented the OD.

The PCI specimens were notched so that the direction of

fracture propagation was axial on the tangential specimens, tangential on the

radial specimens, and radial from OD to ID on the axial specimens. These

orientations are shown in Figure 5_. Results of product-evaluation mechanical

tests are tabulated in Figures 55 through 59.

• In additioL, _v the mechanical property testing, metal-

lographic specimens were prepared from 0- and 180-degree locations on each of

the forgings and were rated for microcleanliness and apparent (ASTM) grain

size; the ratings are tabulated in Figure 60. Both forgings showed satisfactory

cleanliness and fine grain size.

_. Discussion of Results

a. SolutJ on-Annealing Response

In contrast to the solution annealing response of the

entrance flange, the intermediate section and exit flange showed smaller

changes in strength, and in ductility or notch toughness (W/A) with change of t

annealing temperature. In progressing from 1500 to 1650°F, a decrease of

5 ksi to i0 ksi yield strength was noted which is indicative that recrystalli- !I

zation occurred. Yield strengths were acceptable (200 to 235 ksi) at all of

the annealing temperatures, and elongations and redactions of area remained ill
fairly ccastant.
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I The fracture toughness of both forgings responded in an
(

expected manner to changes in yield strength (i.e., the toughness increased

i with decreases in strength). High toughness was develcped in both parts by

solution annealing at 1650°F, the temperature at which yield strength was

minimum. At all of the solution annealing temperatures surveyed, the
t

fracture toughness values of the intermediate section were highest, while thet

values for the exit flange were similar to the values for the entrance flange.

Examination of the solution-annealing data for the

I intermediate section and exit flange showed that any temperature in the 1600
I

to 1700°F range would produce acceptable yield strength and high fracture

_: toughness. To avoid any po_zibility of grain coarsening at the high end of

the solution-annealing temperature tolerance range (+ 25°F), the annealing

temperature chosen for the intermediate section was 1625°F. For the exit

flange, 1650°F was chosen to avoid the lower fracture toughness condition

observed in the 1600°F tests.

[
b. Product Evaluation

If The product evaluation tensile test results showed that

li on both the intermediate section and the exit flange acceptable yield strength- was developed with both maraging cycles of 900°F for _ hr and 900°F for 8 hr.

Ductility associated with these tensile results was as expected for material

of this grade with two exceptions:

(i) Elongations and reductions of area of all speci-

mens from the intermediate section maraged at 8 hr were lower than expected.

(2) Elongations and reductions of area for all radial

specimens from the exit flange were lower than expected.

!
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For the intermediate section, ]uw ductility _az inde-

oendent of orientation. For the exit flange, low ductility was 8._sociated

with the short trs_nsvers_ (radial) orientation.

Although it is generally accepted that ductility as

me._sured by elongation and I'educLion of area of tensile specimens is an

indication of fh'acture toughness, it appears that this is not always the case.

T _,;ntra_t to the good ductility with average W/A values on the entrance

fla_ge, the radially oriented impact specimens from the _xit £1ange si,owed

rather high W/A w_lues in comparison to the low ductility measured in this

direction.

As anticii_ated when the selection of orientations for

the PCI specimens was made, the average radial or short tran:_verse W//_ values

for both forgings were lower than the average tangential and axial values.

One data group from the i;_tcrmediate section showed about 20% hig_,er short

transverse W/A values a_zdwas comparable to the other orientations. The ,_;tr:,r.:_th

._£ts from the s:_m,_ loc-_tion on th_ test rinc sho'_ed '_yi i_ str:_,_th _ cr_os-_

of about i0 ksi These data illustrate the variations in oroduct uniformity, :_i_ , |

However, it was not anticipated that the tangential and axial W/A values

would be equivalent. The explanation for this result is that the axial elong_- il

tion resulting from forming the high walls on these fcrgings must !.ave been

roughly equivalent to the tangential deformation zesultin_ from rolling the _

diameters of the rings. The general level and anisotropy of W/A values at If.

all test temperatures were approximately the same as those for maraging steel

plate of this strength grade. Only minor variations in W/A values resulted at II
1

the three test temperatures, indicating that the material toughness is not

il'highly temperature dependent. !
!

|
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Examination of the PCI test results revealed that the

intermediate section showed consistently higher W/A values than did the exit

flange. Since the tensile properti_.s of the two forgings were similar and the

chemical analyses were almost identical, this difference is apparently attri-

_i buted to differences in forging procedure necessitated by differences in part

i configuration. One of the major factors determining the forging procedure

for ring forgings of similar diameter processed from similar size billets is

i the height-to-wall thickness ratio. This ratio for all three of the 120-in.-

dia nozzle forgings is shown below.

f
t

Height-to-Wall
Part Thickness Ratio

Exit Flange 3.6

Intermediate Section 7.5

i Entrance Flange 0.62

( A comparison of these figures shows that the intermediate

section with the highest ratio received a greater amount of reduction in

I forging than did the exit flange, since the two were forged from similar size

billets. This greater reduction may account for the higher W/A values

exhibited by this forging, particularly in the short transverse orientation,|

[ as compared with those exhibited by the exit flange. The finer grain size

rating of the intermediate section is probably a result of the greater reduc-

I also. A comparison of the entrance flange properties to those of the
tion

other parts on this basis is not n_cessarily valid because of the differences

I in chemistry and original stock size; however, while the entrance flange with
its low height-to-wall ratio showed g_.eater ductility than did the other

i parts, the W/A values were approximately the same as the exit flange.

[i

U
Page _3

m

1967020705-064



Report NASA CR 72126, Appendix B

III, Forging Material Evaluation (cont.)

C. TESTING CONDUCTED BY SUN

i. Procedures and Results

a. Chemical Analysis

The chemical analysis of the 120-SS-1 nozzle parts was

pez-formedby Lehigh Testing Laboratories. The results are tabulated in

Figure 61. No significant differences in chemistry were noted, and all of the

analyses conformed to AeroJet specification AGC-34316.

E
b. Microcleanliness

Microcleanliness ratings were performed at Sun Oil

according to the specifications of ASTM E-45 on specimens from the 120-SS-I

nozzle components. The results are recorded below:

;l
Inclusion Type

A B C D _,

Thi__AnHeavy Thi__AHeav Thi_ n Thi__A Heavy
ASTM E-45 (limits 2 1.5 2.5 1.5 2 1.5 2.5 2

Entrance Flange (Ring A-2) 0 0 0 0 0 0 4.0 1.0 i
!

Intermediate Section (Ring CFR) 0 0 0 0 0 0 4.0 1.5

Intermediate Section (Ring CFA) 0 0 5.0 0 0 0 4.0 1.5 i

Exit Flange (Ring CFR) 0 0 0 0 0 0 5.0 1.0

Exit Flange (Ring CFA) 0 0 0 0 0 0 5.0 1.5

All inclusions observed on these samples were titanium
f_

nitrides or carbo-nitrides ; these were rated as either type B or D according }1

to their appearance. All of these ratings exceeded the specified limits and

differed markedly from the ratings supplied by .sdish. These differences were {]
U
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i

traced to the techniques used in measuring and reporting the inclusion ratings.

Since the depth of field on the microscope is very limited (less than

0.005 in.), the larger inclusions can be focused and photographed, while the

smaller inclusions Just below this plane are missed. However, a careful

technique does show the smaller and more numerous inclusions and, since the

ASTM does not specify a minimum particle size, these inclusions should be

reported. Even though these ratings were beyond the specification limits,

the nature and distribution of these inclusions did not cause structural

impairment of the components.

c. Grain Size

_ Apparent (ASTM) grain size measurements were performed

[] on specimens from the 120-SS-1 nozzle parts at Sun Oil according to FederalTest Method Standard 151A. The results are recorded below.

i Apparent (ASTM)
Part Grain Size

I Entrance Flange (Ring A-2) h

Intermediate Section (Ring CFR) 7

Intermediate Section (Ring CFA) 7-1/2

I Exit Flange (Ring CFR) 6

Exit Flange (Ring CFA) 5

1
These grain size measurements are approximately the

! same as those supplied Ladish.

d. Test Weldment

l

1 A test weldmeut designed to simulate an automatic. circumferential weld on the nozzle shell was prepared from _ section of test

Page k5
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I

ring B from the entrance flange, using Armetco heat 08436 weld wire. Edge

preparation was a single U; all welding was performed using the TIG technique

in the downhand position. A sketch of the weld test specimen is shown in

Figure 62. From the test weldment, nine transverse (to weld) tensile speci-

mens, 12 weld zone PCI specimens, 12 heat-affected-zone PCI specimens, six

weld-zone slow-notch-bend speclmens, and five weld-zone calibration bars were

prepared. Specimen locations and orientations are shown in Figure 62,

details A, B, and C. Half of the machined test specimens were mgraged at

900°F for _ hr, and half for 8 hr at Sun Oil. All calibration bars were

maraged at 900OF for 8 hr. Test results are tabulated in Figures 63 through

65. Sun Oil also conducted a metallographic examination of the weldment

including microhardness transverses. The microhardness results are tabulated

in Figures 66 and 67.

e. Maraging of the 120-SS-1 Nozzle Shell
f

When the fabricated nozzle shell was maraged at the

J. W. Rex Company, a total of 36 test specimens, (18 tensile and 18 precracked

impact specimens with tangential and axial orientations) were maraged along

with the part. These specimens were machined from the test rings from the

nozzle forgings and were attached to the forging they represented during

,. maraging. PCI specimen orientations are shown in Figure 68. The maraging }

treatment to which the nozzle shell and the specimens were subjected was {J

non lly900°F+_15°Fforhr  estres t,.=di , ti c,tion,of,pecl- !i
mens with the forging test rings from which they were machined are recorded

in Figures 69 and 70. !I

Ii
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t

i 2. Discussion of Results

I a. Te_t Weldment

After the maraging treatment at 900°F for 4 hr, the

yield strength oi'the weldment was below the specifie_ minimum of 200 ksi and

was 5 to 25 ksi lower than the forgings. After 8 hr at 900°F, a yield strength

I of 200 ksi was developed. In keeping with the low strength level, ductility

was good and the PCI fracture toughness (W/A) values for the weld zone speci-

I mens were high. Heat-affected zone specimens showed W/A values higher than
similarly oriented specimens from the parent material, but lower than those

"li from the weld zone.

The unusually high weld-zone (W/A) values can be

explained only in part by the low strength of the weldment. An additionF_l

factor which may have influenced the toughness is that the weld-zone specimens

I were oriented so that the notch was centered on the root pass of the weld. This

portion of the weld was subjected to the largest amount of repetitious thermal

cycling d_,rlng welding, and hence may have been overaged. This assumption was
not substantiated, however, by the mlcrohardness traverses performed on the

l i as-welded and the ms/aged Joint. Soft areas near the root pass were not• _ apparent ; in fact, the range of average hardness values for all areas tested

! corresponded to only five Rc points (Rc44 to 48).

b. Maraging of the 120-SS-1 Nozzle Shell

i
The test results on the _pecimens maraged with the

[ 120-SS-1 nozzle shell compared with the test data from the component evaluation
showed that the yield strengths obtained during maraging were much higher and

the W/A values were correspondin@ly lower. These higher etrengths were

0
!
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attributed to the contributions in maraging of the long heat-up, stabilization,

and cool-down times to which the part and specimens were subjected.

D. CONCLUSIONS

General conclusions were made from the results of the testing pro-

gram conducted on each of the three forged components: the entrance flange,

intermediate section, and exit flange of the 120-SS-1 nozzle shell. Theze

conclusions were as follows:

i. Forging with grade 200, 18%-nickel steel in accordance

, with the procedures used produced acceptable motor components.

2. The best combination of acceptable yield strength and maxi-

mum notch toughness on forged aater" A1 of this grade should be obtained by

solution-annealing in the temperature range of 1600 to 1700°F. This was

found to be dependent upon forging methods and forging temperatures.

3. Acceptable yield strength after solution-anmealing in the

1600 to 1700°F range was developed in this material with a wide range of

maraging treatments; however, the 850 and 900°F temperatures were more _

desirable than the 950°F temperature. _)

k. There was an inverse relationship between yield strength and

fracture toughness ; as strength increases, W/A values decrease.

il
5. In general, the lower ductility developed on ring-rolled

maraging-steel forgings, as measured by elongation and reductioa of area, was
t}

associated with the smallest forged dimension on the component.

[1
,J
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6. Minimum fracture toughness on the ring-rolled maraging-

steel forgings was measured on specimens oriented so that the fracture propa-

gated in a direction parallel to the direction of preferred orientation. Maxi-

i mum fracture toughness was usually measured on specimens with the axis

parallel to the direction of preferred orientation.

7. Mechanical properties of the three forgings evaluated com-

pared favorably with 5/8-in.-thick, grade 200, 18%-nickel steel.

8. Welds could be made which were at least as tough as the
parent material and had acceptable Joint efficiency.

"li

I

(i

I!

U
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IV. PARENT METAL BAR STOCK EVALUATION .

The Y-ring skirt attachment used in the 260-in.-dia motor chamber was

ring-roll forged. However, this program was initiated to evaluate the tensile

and fracture toughness properties of bar stock as a back-up for the forged _I

components. The parent metal evaluation was also necessary in order to obtain

comparative data that could be used to evaluate welding procedures and filler I

wires in the event bar stock was required to be used in the fabrication program.

i
A. EVALUATION PROGRAM

i. Material Evaluated

, Two-and-one-half in.-thick, 8-in.-wide, grade 200, ]8%-nickel

maraging steel bar stock from Republic heat 3960556 was evaluated. Plate

(0.6 in. thick) material from this same heat was evaluated in the parent metal

plate evaluation program discussed in a previous section of this report. The

chemical composition of this heat is listed in Figure 71, and conforms to the

requirements of the applicable AeroJet procurement specification (AGC-ShS15).

The microstructure, grain size, and area representing the

most severe inclusion content observed are shown in Figure 72. A general

martensitic structure was observed in which the outline of the prior austenitic

grains could be noted. The grain size of the bar stock was approximately 3 to

when rated in accordance with AS_ Ell2-61. This grain size is coarse in com-

parison to the grain size of 7 obtained in the 0.6-in.-thick, 18%-nickel marag-

ing steel plate material from the same heat. This apparently results from the _|

Hdifference in working imparted to the two products during mill processing.

The inclusion rating of this material was within the requirements of the appli-
It1

cable AeroJet Specification (AGC-3_316). U

!
!
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i IV, A, Evaluation Program (cont.)

2. Specimens Tested

Tensile, SNB, and PCI specimens were tested to determine the

i tensile properties and fracture toughness of the bar stock. The dimensions

of the specimens are shown in Figure 73. The tensile specimens were oriented

I both transverse and longitudinal to the final rolling direction of the bar

stock. The fracture-toughness specimens gere prepared in the transverse,

i longitudinal, and short transverse orientations as sho_ulin Figure 74.!
A_

I; The test specimens were machined from the as-received bar
stock which was mill-annealed at 1500°F for 3 hr. After machining, the speci-

_,_ mens were age-hardened in accordance with selected aging cycles (900°F for 8

and 16 hr). Prior to testing, the tensile specimens were abraded to remove

surface scale and the fracture-toughness specimens were subjected to cycle

stresses to form a fatigue crack at the root of the notch.

I] Tensile specimens were tested in triplicate for each variable
investigated. These tests were conducted in accordance with Federal Test

[] Method Standard 151 with a strain rate of 0.005 in./in, to the yield point.
The stress-strain diagram was used to determine the 0.2% offset yield strength.

i Elongation measured over a 1-in. gage length.

Five SNB specimens were tested for each variable to determine

the effect of specimen orientation and aging cycle on the plane-strain fracture

toughness (Gic and Kic) of the bar stock. Six PCI specimens were tested for

I! each condition to determine qualitatively their effects on the plane-stress

fracture toughness, (Gc and Kc) of the bar stock. Duplicate specimens were

_ tested at each of the three test temperatILresto establish relationships between
fracture toughness and test temperature. The impact specimens were tested at

ManLab Inc.
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IV, Parent Metal Bar Stock Evaluation (cont.)

B. RESULTS AND DISCUSSION

i. Tensile Properties

The tensile properties of 2-1/2-in.-thick bar stock after

aging at 900°F for 8 and 16 hr are listed in Figure 75. Both aging cycles

resulted in tensile properties which were very similar to those exhibited by

the 0.6-in.-thick plate material from the same heat after the same aging

treatments. Also, the tensile properties of the bar stock in both the

longitudinal and transverse orientations were comparable.

t

2. Fracture Toughness

The PCI fracture toughness (W/A) of the bar stock after aging

treatments of 900°F for 8 and 16 hr is listed in Figure 76. As indicated by

these data, the fracture toughness of the bar stock was comparable after both

aging treatments. Also, the fracture toughness was higher in the longitudinal

orientation than in the transverse, surface-notched transverse, or short trans-

verse orientations, with the latter two orientations exhibiting comparable

toughness values. Compared with the fracture toughness of 0.6-in.-thick plate

for Republic heat 3920556 after aging at 900°F for 8 hr, the PCI fracture !

toughness of the bar stock in the longitudinal orientation was comparable to

that of the plate in the transverse orientation. However, the toughness of _

all specimen orientations in the bar stock were lower than longitudinally

oriented specimens from the plate material.
i

The results of SNB fracture-toughness tests on bar stock are

shown in Figure 77 &ud summarized in Figure 78. For comparison purposes, frac- I_

ture toughness data for the 0.6-in.-thick plate material from the same heat of

material are also shown in Figure 78. I

! I
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i Report NASA CR 72126, Appendix B

i IV, B, Results and Discussion (cont.)

i 3. Conclusions

[ A comparison between the characteristics of bar stock andplate indicated no significant difference in toughness in the longitudinal

i specimen orientation after aging at 900°F for 8 hr; whereas, in the transverse-

specimen orientations, the bar stock was significantly less tough than the plate.

These differences in toughness may be related to variations in working during
!

_. primary processing of the plate and bar products.

I_ On the basis of the limited evaluation conducted on the bar-
stock parent material, there were no problems or limitations apparent in fabri-

._ cating thick sections of the motor pressure vessel with bar stock.

[

I
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V. PLATE WELDING EVALUATION

Motor component weldments with high strength-to-weight ratios, in

combination with sufficient fracture toughness to withstand service stresses

in the presence cf small defects, were required to obtain reliable performance

from large-dlameter, rocket-motor pressure vessel components. To achieve this

combination of properties in the program, Grade 200, 18%-nickel maraging steel

plate and forgings with a yield strength range of 200 to 235 ksi had been

specified for fabricating chamber components and assemblies. However, when

the material selection was made for the program, data were limited regarding

the tensile and fracture toughness properties of weldments in this material

and the effects of varying filler wire composition and Joint designs on these

properties. Consequently, the welding process evaluation program was under-

taken Jointly by _roJet and Sun to evaluate welding procedures and filler wires

for processing large-diameter motor chambers, using Grade 200, 18%-nickel

me/aging steel material.

The gas-shielding TIG welding process was evaluated in the welding

program. This welding process was selected because previous studies had indi- •
t

cated that sound weldments with higher fracture toughness could be prepared

with greater reliability using the TIG process than with the other welding

techniques that had been adapted to the processing of the 18%-nickel maraging

steels. In evaluating the TIG welding process, filler wire composition, weld- -

Joint geometry, and welding procedures were varied to evaluate their effects --

on the aging response, tensile properties, and fracture toughness of the weld-

ments. The information that was obtained from these evaluations was subsequently i_

used in selecting filler wire compositons, Joint designs and welding procedures.

The welding evaluation program was based on comparisons between the

aging response, tensile properties, and fracture toughness of the parent metal
plate and weldments.
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i V, Plate Weld1,,gEvaluation (cont.)

i A. WELD PROCESS DEVELOPMENT AND FILLER-WIRE SELECTION

i i. Experimental Procedures
J

j a. Welding Procedures

Weldments in 18%-nickel maraging steel plate were made

i using the TIG welding process. The weldments were 12 in. long and were pro-

duced by Joining two _-in.-wide by 0.6-in.-thick test plates. This test-

Jl weldment size was selected to provide sufficient material for preparation of
the various test specimens that were used in the program. Individual weld

_, test plates were machine-cut, and all plate edges were machined for welding.This technique was used so that the plate edges would not be subjected to

U thermal cycles, such as those that are encountered in flame or po_er cutting,which might affect the mechanical properties _nd metallurgical characteristics

of welded Joints. After machining, the plates were degreased and the plate

surfaces were ground to remove oxide scale. Immediately before welding, the

Joint edges were wiped with acetone to remove oil film and other foreign

materials.

U The weld test plates were clamped to a rigid, water-
cooled, copper backup bar that also aligned the plates during welding. The

backup bar was water-cooled to increase the weld cooling rates. The backupbar was grooved to control weld penetration and to provide a means of intro-

ducing inert gas to shield the root of the weld. A sketch of this component,

l_ with the groove dimensions and the method for supplying shielding gas to the

root of the weld, is shown in Figure 79.

Precautions were taken during welding operations to

obtain fast weld-cooling rates and to minimize the size of weld heat-affectedzones. Preheating and postheating of the welds were not used. Also, the

I
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V, A, Weld Process Development and Filler-Wire Selection (cont.) _i

weldments were allowed to cool between passes so that the interpass temperature _;

did not exceed 200°F. These were standard precautions taken in welding 18%-

nickel ms/aglng steel plate to minimize austenite reversion in the weld heat- !I
affected and fusion zones during welding.

A HWM-2 automatic welding head, equipped with a HW-13

welding torch, EG103 governor-controlled, cold-wire feeder, and a 400-smp dc
a_

welding-power source, was used to accomplish the TIG welds. The weld-Joint _

configurations and welding schedules were developed as shown in Figures 80 and

81. The root-land dimension of the Joints was adjusted to assure complete

penetration of the root pass without a root gap. The welding and shielding
--

, conditions were adjusted to provide sound welds in accordance with applicable I

X-ray (/_C 13_0, Class 1), ultrasonic (AGC 32115), and magnetic particle

(AGC 32116) nondestructive inspection specifications. Copies of the specifica-

tions are presented in Appendix A. ._'i

T_

b. Specimen Preparation 1

SNB, and PCI tests were used to evaluate the ;||Tensile,
J

aging response, tensile properties, and fracture toughness of the weldments.

The dimensions of the specimens are shown in Figure 82. The orientation of {I

specimens is shown in Figure 83. The gage length of longitudinal tensile speci-

mens Was oriented to consist almost entirely of weld metal. The gage length of

the transverse tensile specimen extended across the welded Joint and included _._l

the weld fusion zone, the two weld heat-affected zones, and unaffected base

All fracture-tou@hness specimens were machined transverse (!

to the weld with the notch oriented throu@h the thickness of the weld as Indi-

cated in Figure 83. Full-weld-thieXness (0.6-in.) PCI and SNB specimens were Ii

used. Notches in the fracture-toughness specimens were located in the wel_
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! V, A, Weld Process Development and Filler-Wire Selection (cont.)
q

metal or heat-affected zones. To locate the notches, specimen blanks were

etched (Marbles etchant) and scribe lines were drawn to represent the center

line of the notch• The notches then were machined to coincide with the scribed
L lines.

I The test specimens were machined from a_-weld_d plate

After machining, the specimens were age-hardened in accordance _ith the

i. selected aging cycle. Subsequent to testing, the surface scale formed on the

tensile specimens was removed with abrasive paper, and the fracture-toughness

were subjected to cyclic stresses to form a fatigue crack at the
specimens

root of the notch.

c. Testing Procedures

Tensile specimens were tested in triplicate for each

variable investigated. These tests were conducted in accordance with Federal

Test Method Standard 151, using a strain rate of 0.005 in./in, to the yield

point. Stress-strain diagrams were used to determine the 0.2% offset yield

Elongation was measured over a 1-in. length.
strengtll. gage

The transverse tensile specimens were used to determine
the ultimate tensile strength and location of tensile failures in weld-Joint

specimens. Yield strength (0.2% offset), percent elongation, and percentreduction-of-area measurements were made on the transverse tensile specimens.

However, these data must be interpreted cautiously, since transverse-weld

tensile specimens vary in thermal history and composition along the specimen

gage length from the presence of the welded Joint. The longitudinal-weld

tensile specimens were prepared to determine the yield strength and ductility
of the weld metals. The combined data from transverse and longitudinal tensile

specimens were used to evaluate the tensile properties _f the weldments.
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-I

V, A, Weld Process Development and Filler-Wire Selection (cont.) I

Five SNB specimens were tested for each variable to i"

determine qualitative plane-strain fracture toughness, Glc and Klc , and the

effects of aging cycle, filler wire composition, and welding procedures on il
)

this property. Six PCI specimens were tested for each welding variable to

determine qualitatively their effects on the plane-stress fracture toughness, _

Gc and Kc, of weldments. Duplicate impact specimens were tested at each of .
)

three test temperatures (-_0°F, room temperature, and +200°F) to establish

relationships between fracture toughness and test temperature. The impact _

specimens were tested at ManLabs, Inc.

2. Materials

All welding tests were conducted using 0.6-in.-thick, Grade " !

200, 18%-nickel maraging steel plate from Republic Heats 396052_ and 3920556. -,

Plate from heat 3960524 is considered to represent high-strength heats that ._j

may be used in the program, while heat 3920556 is considered to represent

heats at the lower end of the specified 200 to 235 ksi yield-strength range. _

The results of detailed mechanical and metallurgical properties evaluations

of both heats of plate material are presented in the parent metal plate _1
:J

evaluation section of this report.
TI

The following target values were established for the 0.2% !l

offset yield strength of the weld metals to be evaluated: _1
LI

Minimum Yield Strength: 200 ksi
11

Maximum Yield Strength: 220 ksi _1

The minimum target value was selected to correspond to the minimum desiEn value

required for welded Joints, and the maximum limit wu selected to obtain accept- t

able fracture toughness in the weld deposit and provide for anticipated chemical |_ 7
I

composition variations in weld filler wires and deposited weld metals.

f
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' V, A, Weld Process Development and Filler-Wire Selection (cont.)

_ Five filler wires were screened in the program. The compo-

sitions of the five filler wires are listed in Figure 84 with the compositions

of the base metal plates. All filler wires were selected on the basis of

_- chemical composition to ootain weld-metal yield strengths in the 200 to 220

ksi range. Although these filler wires were ordered to provide a considerable

variation in cobalt (7 to 8.5%), molybdenum (3.5 to 4.5%) and titanium (0.2 to

0.4%) contents, the actual heats produced by the material vendor did not meet

! this requirement. Except for the Inco filler wire, there were only minor
J.

variations between the compositions of the various filler wires. However,

" the wires were accepted for evaluation, since the slight variations in COIT_.0--

_" sitiou were expected to result in a range of weld metal tensile yield strengths

•-- within the desired range of 200 to 220 ksi. I

Except for the cobalt content of the Inco filler wire and the

titanium content of all filler wires, the composition of the welding filler

wires also was compar_b!e to that of the parent metal plate. The _balt content

r of the Inco filler wire was only about half as high as that of the base metal,

while the titanium contents of the filler wires ranged from approximately 1-1/2 i

to 3 times higher than those of the base metals.

3. Results and Discussion

J

a. Preliminary Screening Tests

q

Preliminary screening tests were conducted, using Republic

heat 396052_ base plate to evaluate the five weld filler wires and two Joint
!

designs on the basis of longitudinal weld-metal tensile properties. The weld-

"i metal tensile data (as welded and aged at 900°F for 8 hr) obtained from the

'- screening tests are presented in Figure 85. The tensile yield strengths of the

+_. weld metals ranged from a low of 207 ksi for the Inco wire to a high of 231 ksi

q

2
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V, A, Weld Process Development and Filler-Wlre Selection (cont.)

for the 06887 filler wire. All values exceeded the 200 ksi minimum yield

strength requirement. The elongation and reduction of area values were

generally high and comparable to the parent metal properties. Also, the
i

weld tensile properties obtained with filler wires 06887 and 07495 were, -

in most instances, higher for the single-U design than fcr the double-V
"i

Joint. Selected single-U and double-V Joint tensile specimens were sectioned

and subjected to metallographic examination to determine if the differences

in tensile properties were caused by the presence of overaged heat-affected

base metal in the specimens machined from the double-V Joints. Specimens

machined from welds made with both Joint designs contained approximately the

same amount of base metal in the cross section of the tensile specimens.

Consequently, it was not possible to state conclusively whether the presence of !

base metal in the cross sections of the tensile specimens contributed to the

difference in properties. However, the lower tensile properties obtained in

evaluating specimens from the double-V weldments may result from the presence

of a more overaged condition in the center of the weld thickness where the

itensile specimen was located when compared to the single-U weldments. J

The cobalt, molybdenum, and titanium contents of the weld _i

metals that were deposited with the five weld filler wires are listed in

Fi6Are 86. Similar data for the filler wires and base metal are also included _

i for comparison. As indicated by these data, weldments processed with the
@

single-U Joint design had slightly higher titanium contents than those obtained
r_

with the double-V Joints. _ais variation in titanium content indicated that !

base metal dilution was less in the single-U than in the double-V Joint. Such

difference in dilution would be expected in comparing the two Joint desi_ i)
&

The slightly higher titanium content of the single-U weld deposits was consistent

with the slightly higher strengths of these weld metals and ma_ partially explain

the difference in tensile properties observed in comparing the single-U and

double-V Joint designs. Also, the variations in tensile properties of the weld

fJ
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

deposits obta:ued vith the various weld filler wzres were consistent with the

cobalt, molybdenum, and titanium contents of the weld metals.

On the basis of the results shown in Figures 85 and 86, i

three filler wires, (07495, 3h428-.31 Ti, and Inco) were selected for further

evaluation. These filler wires were selected to represent weldment yield

strength levels within the desired range of 200 to 220 ksi (and slightly above)

in order to determine the effect of variations in filler-wire chemical compo-

sition on weldment aging response and fracture toughness.

Also, both the doubie-V and single-U Joints were con-

sidered acceptable for use in the fabrication program, and both Joint designs

were used to prepare specimens for aging response tests and tensile and frac-

ture toughness determinations.

b. Aging Response

(1) Longitudinal Tensile Properties

The aging response of the weld metals was evaluated

on the basis of relationships between longitudinal weld-metal tensile proper-

ties and aging time and temperature.

(a) Filler Wire 07h95

To evaluate the aging response of the weld

metal obtained in welding with the 07495 filler wire, three longitudinal tensile

specimens were aged in accordance with each of ten selected aging cycles. The

aging response data obtained from filler wire 07495 deposited in a double-V

Joint in Republic heat 396052_, Grade 200, 18%-nickel maraglng steel plate

(0.6 in. thick) are listed in Figure 87 and plotted as a function of aging
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

cycle in Figure 88. The 0.2% offset yield strengths of the weld metal are _

summarized below on the basis of aging cycle and compared with similar data

from parent metal plate from Republic heats 3960524 and 3920556. ii

0.2% Offset Yield Strength, ksi

_ing Time_ hr i}Temperature, °F 2 8 16

850 07495 Weld Metal - 205 217 221

Base Metal (3960524) - 230 238 242 _)
=i

Base Metal (3920556) - 198 211 220

900 07495 Weld Metal 208 216 216 219 -i

Base Metal (3960524) 229 234 239 232 -"

Base Metal (3920556) - 214 218 223 -%

950 07495 Weld Metal 208 216 207 - f

Base Metal (396052L) 233 231 219 216

Base Metal (3920556) - 215 219 222

As indicated by these data, the aging response 7i
J

of the 07495 weld metal was comparable to that of the parent metal plate. At

the 850°F temperature, the tensile yield strength of the weld metal and wrought _

plate increased with aging time, At the 900°F temperature, the yield strength _-
}

of the weld metal and parent metal plate from heat 3920556 also increased with [|

aging time, whereas slight overaging, as evidenced by reduced strength, was _}

observed after aging parent metal plate from heat 3960524 for 16 hr. At 950°F,

overaging was observed in the weld metal and parent metal plate from heat
3960524, but was not observed in parent metal plate from heat 3920556. The

yield strength of the weld metal was approximately i0 to 20 ksi lower than that

of plate from heat 3920524, but was comparable to that of plate from heat

3920556 after similar aging treatments at 850 and 900OF. i

The tensile elongation of the 07_95 weld metal m

lis summarized an_ compared with that of the base metals in the tabulation below.

!
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V, A, Weld Process Dev_.lopment
and Filler-Wire Selection (cont. )

!

Elongation in./in._ %

Aging Time L hri6
i Aging °F Material 2 4 8Temperature, _ ° --

850 07495 Weld Metal - 16 lh i_
Base Metal (3960524) - 12 12 ii

il Base Metal (3920556) - 12 12 l0
900 07495 Weld Metal 15 lh 16 16

Base Metal (3960524) 12 12 12 12I-

I. Base Metal (3920556) 12 ll ll 12

950 07b95 Weld Metal 17 18 23 -

12 12 12 12
Base Metal (3960524)

Base Metal (3920556) 12 12 12 12

The tensile elongation of the weld metal exceeded that of the base metals after

all aging cycles and was approximately twice that of the base metal after aging

at 9500F for 8 hr.

_ The reduction of area values of the 07495 weld

metal are summarized and compared below with those of the base metals in the

I longitudinal orientation.
_ Reduction of Area 1%

_ I_i Aging Aging Time, hr
' LJ Temperature, °F Material 2-- 4_ 8 16

850 07h95 Weld Metal - 57 55 52I" Base Metal (3960524) - 64 63 60

I Base Metal (3920556) - 66 62 60

i 900 07495 Weld Metal 56 55 56 54k

|
Base Metal (3960524) 64 64 60 59

[_ Base Metal (399-0556) 66 62 61 60

" (! 950 07)_95Wela Metal 55 54 56 -

_._ Base Me_;al (3960524) 54 55 63 64

BaseMetal(3920556) 62 60 60 61
4
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

As indicated by these data, tensile reduction of area values for the weld metal ..

were slightly lower than those of both base metals in the longitudinal

orientation. _i
.a

(b) Filler Wire 34428-.31 Ti -=

L _

On the basis of the aging response of weld

metal deposited with the 07495 filler wire, three aging cycles were selected i

to evaluate the aging response and tensile properties of weld metal deposited

with 34428-.31 Ti filler wire in double-V and single-U Joints in Republic heat i

3960524 maraging steel plate. The tensile properties obtained in evaluating

i these weldments are listed in Figure 89. The average 0.2% offset yield

strength values are compared below with the values obtained with the 07495 "_

filler wire and the parent metal plate. -_

J

0.2% Offset Yield Strength, ksi

Material i
34428-. 31 Ti ' 07_95 Base Metal Base Metal

Aging Cycle, Weld Metal Weld Metal Heat 3960524 Heat 3920556

°F hr Double-V Single-U Double-V "

850 8 212 207 217 238 211 --

900 8 215 212 216 239 218

950 8 207 203 207 219 219 _!

As indicated by these data, the yield strength of weld metals deposited with I!
. I

filler wire 34_28-.31 Ti was slightly lower in the single-U Joint than in the

double-V Joint. This observation was opposite to that observed in the _I

screening tests, but the differences in yield strength were only slight for

I this filler wire in both series of tests. Also, the 0.2% offset yield strength _

_I_ of 34428-.31 Ti filler wire weld deposits was in accordance with the program

i design requirements (200 to 220 ksi) for both Joint designs and after each

I aging cycle investigated. In addition, the yield strengths of weld metals rii
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

obtained with both filler wires using a double-V Joint design were comparable

for the three aging cycles investigated and were comparable to those obtained

in the Republic heat 3920556 plate material after the 900 and 950°F sging

i_ cycles. However, the yield strengths of the weld metals deposited with both

filler wires were lower than those of Republic heat 3960524 parent metal plate

i after all aging cycles were Republic parent
and lower than that of heat 3920556

metal plate after the 950°F aging cycle. The percent elongation values of weld

i metals deposited with the 34428-.31 Ti and 07495 filler wires and of the parent
metal plate are tabulated below:

I_ Elongation in 1 in., %
Mate rial

34428-. 31 Ti 07495" Aging Cycle, Weld Metal Weld Metal Base Metal Base Metal

°F hr Double-V Single-U Double-V Heat 3960524 Heat 3920556

t M 850 8 13.7 12.1 14 12 12

900 8 13.1 12.3 16 12 ll

950 8 15.3 13.6 23 12 12

As shown above, the elongation values observed in weld metals deposited with

I 34428-.31 Ti filler wire in single-U joints were comparable to or slightly

lower than those observed in weld metals deposited in double-V Joints subjected

_ I to similar aging cycles. Also, except after the 950°F aging cycle where excep-

tionally high elongation was observed in the 07495 weld metal deposit, the

I elongation of 34428-. 31 Ti weld deposits were slightly lower or comparable to
that of weld metals deposited with 07495 filler wire. In addition, the elonga-

tion of all weld metals was slightly higher than that of both parent metal

I plates.

I The reduction of area values of 34428-.31 Ti

weld deposit were comparable to those of 07495 weld deposits which, in turn,

I
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V, A, Weld Process Development and Filler-Wire Selection (cont.) _"

were slightly lower than those of the parent metal plate in the longitudinal _'

orientation, as shown previously in the aging response of 07h95 weld deposits. ""

On the basis of weld metal tensile properties, ..

the 34428-.31 Ti filler wire also would be considered acceptable for welding 4

Grade 200, 18%-nickel maraging steel plate. A desirable combination of tensile -_

strength, elongation, and reduction of area was achieved in the weld metal

after all aging cycles, i

(2) Transverse Tensile Properties "'
i

The results from transverse tensile tests which --
, !

were conducted on double-V and single-U weldments made with 07495 and

34428-.31 Ti filler wires and Republic heat 3960524 base plate are listed in

Figure 90. As indicated by these data, the ultimate strengths of the Joints _!

were comparable to those of the weld metals shown in Figures 87 and 89 and
I

were satisfactory for the 260-in.-dia motor program. Failures occurred in I.4
the weld metal or in the heat-affected zones. However, weld-metal failures

were expected, since the filler wire compositions evaluated were selected to 7i

obtain slightly lower yield strength (200 to 220 ksi) weld metals in compar- ""

ison to the actual yield strength (212 to 239 ksi) of the parent-metal plate

,. material used. _-.

C. Fracture Toughness _!

The fracture toughness of weld-fusion and heat-affected _I

zones were determined to evaluate TIG welding procedures and filler wires, and

to study the aging response of the weldments. Both SNB and PCI tests were
used in these evaluations.
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i V, A, Weld Process Development and Filler-Wire Selection (cont.)

q

i (1) Weld-Metal Fracture
Toughness

(a) Precracked Charpy Impact Tests

I The results of PCI tests of TIG weld metals

I deposited with selected filler wires and double-V and single-U Joints in

0.6-in.-thick plate from Republic heats 3960524 and 3920556 are shown in

I Figures 91 to 94. For comparison purposes, the room-temperature fracture

toughness (W/A) of the weld metals are summarized below.

Fracture Toughness (W/A) _ in.-lb/in.

•[_ Weld Metals

U Aging Cycle (a) 07495 (b) 34428-.31 Ti (b) Inco (c)

°F hr Double-V Double-V Single-U Single-U

850 8 545 759 821 970
900 8 632 707 832 1027

I_ 950 8 958 837 840 1215
|_

(a)--As-#eided and aged

I (b) Deposited in plate from Republic heat 3960524
t_

(c) Deposited in plate from Republic heat 3920556

_! As indicated by these data, Inco filler wire deposited witha single-U Joint

design in Republic heat 3920556 plate resulted in the highest weld-metal frac-

ture toughness. The lowest fracture toughness was observed in weld metal

deposited with filler wire 07495 in the double-V Joint in Republic heat

" 396052h plate, while weld metals deposited with 34428-.31 Ti filler wire in
single-U and double-V Joint designs in Republic heat 3960524 plate exhibited

[I intermediate toughness values. Also, higher fracture-toughness values are
l'
, noted for test specimens (34428-.31 Ti filler wire) representing the single-U

_ Joint design in comparison to specimens from the double-V Joint.
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V, A, Weld Process Development and Filler Wire Selection (cont.)

In general, the differences in weld metal -"

fracture toughness are attributed to variations in yield strength and/or weld

deposit composition that occurred when the various filler wires, Joint _
hl

designs, and aging cycles were employed. A tabulation of _he weld metals in .!

ascending order of fracture toughness is shown below.

Aging Cycle 0.2% Offset Yield W/A, in.-lb/in.2 ""
Filler Wire °F h___r Strength _ ksi _ Average

07495 850 8 217 507-583 545 -_

07495 900 8 216 560-704 632

34428-.31 Ti 900 8 215 677-737 707

07495 950 8 207 750-766 758

34428-.31 Ti 850 8 2]2 710-808 759 7i
6

34h28-.31 Ti 850 8 207 766-876 821

34428-.31 Ti 900 3 2]2 803-862 832 _

34_28-.31 Ti 950 8 207 795-897 837 "_

34428-.31 Ti 950 8 203 832-849 840 -

Inco 850 8 - 913-i028 970 -.

Inco 900 8 - 1007-1047 1027

Inco 950 8 - 1178-1252 1215 "!:°

In the above tabulation, the tendency for grouping of filler metals indicates il

that composition effects are important; however, compositional differences

between the 07495 and 34428-.31 Ti filler wires were not great. Also, the ii
_A

tendency for decreasing yield strength with increased fracture toughness

indicates that yield strength is important ;in general, the relationship _

between weld deposit yield strength and fracture toughness followed the same

trends previously established for the parent metal plate material (Republic

heats 3960524 and 3920556). Although there was not a sufficient amount of

this filler wire to determine the weld deposit tensile properties using a

single-U Joint design, weldments processed with the Inco filler wire and a _

double-V Joint design in Republic heat 396052_ plate material exhibited the
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I V, A, Weld Process Development and Filler-Wire Selection (cont.)

I lowest strength weld deposits in the screening studies. Consequently, the
fracture-toughness data shown above for the Inco filler wire appears to follow

r the general trend of increased fracture toughness with decreasing yield

_ strength. The same effect is noted when comparing test specimens representing

the single-U and doublc-V Joints welded with 3h428-.31 Ti filler wire; the

I higher yield strength of the double-V Joint design was accompanied by lower

fracture toughness in comparison to specimens representing the single-U Joint

I design.

Comparisons between fracture toughness of the

weld metals and base metals are shown in the following tabulation.

Fracture Tout_hness I (W/A) in.-ib/in. 2

Base Metals (a) Weld Metals (b)

3960524 3920556 07495 3hh28-.31 Ti Inc_____qo

" AgingoFCyclehrL (c) T(c) L(c) T (c) Doublev Doublev Singleu Singleu

-• 850 8 958 547 15&8 1597 5_5 759 821 970

900 8 1006 728 1509 13h0 632 707 832 1027

Ii 950 8 1356 1126 1326 1270 758 837 1215
8hO

° |] (a) Mill annealed at 1500°F for 1 hr and aged
[_ (b) As-welded and aged

(c) Specimen orientation: L, longitudinal and T, transverse

Precautions were necessary in comparing weld

metal fracture toughness with that of the base metals because of the size of PCI
specimens that were used. The specimens used to determine the fracture tough-

i! ness of the Republic heat 3960522 base metal were 0.394 by 0.392 in. in crosssection; whereas, 0.600- by 0.392-in. specimens were used to determine the

fracture toughness of Republic heat 3920556 base metal and all weld metals. The

larger of the two specimens generally results in lower fracture toughness values
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

than the smaller specimen, so that quantitative comparisons cannot be made

between the fracture toughness properties of the weld metal and 3960524 base

metal, llowever, a number of' toughness trends can be observed in comparing

these data.

As shown in the above tabulation, the fracture

toughness of all weld metals were comparable to or exceeded that o_" Republic

heat 39605_4 plate material in the transverse orientation after the _50 and .

900UF aging cycles, and the fracture toughness of the Inco weld metal was

comparable to the values exhibited by t£st specimens from neat 3960524 plate

in the longitudinal orientation. After these agin( cycles, the yield strength

% of this heat was 238 and 239 ksi, which was slightly higher than specified i

for the plate material. However, after the 950°£ aging cycle, which reduced

I the yield strength of heat 3960524 to 219 ksi, only the fracture toughness of
the Inco weld metal was comparable to that of the heat 396052A base m_tal[

plate. Therefore, with weld-deposlt yield strengths in the range of 200 $o

220 ksi, it appears that weld-metal fracture toughness can be achieved which ,

is comparable to, or higher than, that of the high strength (23C to 240 ksi
i

yield strength) heats of Grade 200, 18%-nickel maraging steel plate. However,

it appears that the fracture toughness of the weld deposit may be lower than

that of base-metal plate from heats such as Republic he'_t 3920556, which il

represents the middle or low strength heats that are purchased for the fabrica-

tion program. !i

il

SNB fracture toughness (Gic) data for TIG

i weld metals deposited with the selected filler wires in 0.6-in.-thick base :I

plate from Republic heats 3960524 and 392055 are presented in Figures 95

to 98. The average weld-metal fracture tougnness (GIc) data are tabulutel

below for comparison purposes

Pa e7o I!
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i V, A, Weld Process Development mid Filler-Wire Selection (cont.)
g

Fracture Toughness (Gic) , in.-ib/In. 2 (a)

Aging Cycle 07495 (b) 34428-. 31 Ti (b) inco( c)

i °F h__[r Double-V Do.uble-V Single-U Single-U
850 8 333-49;' 314-373 308-368 490-614

I Avg (5) 408 Avg (3) 35___2Avg (5) 33___ Avg (5) 55__/3

( 900 3 222-322 325-350 353-625 392-588

Avg (5) 263 Avg (3) 339 Avg (4) 439 Avg (5) 459

I 950 8 238-314 3b2-369 341-441 318-492Avg (5) 273 Avg (3) 358 Avg (4) 394 Avg (5) 430

_] These data were calculated by
Bueckner's method

(b) Deposited in plate from Republic heat 3960524

(c) Deposited in plate from Republic heat 3920556

"ti
As indicated by these data, the SNB fracture

_. toughness of the weld deposits processed with heat 07495 filler wire was
lower ths_ weld deposits representing the other two heats of weld wire

F investigated. Also, weld deposits produced using the Inco filler wire
I:

exhibited the highest slow-notch-bend fracture toughness values. However,

the Inco weld me_al dropped in toughness as the aging .emperature wasincreased until, at 950°F, the toughness was comparable to that of

34428-,31 Ti weld metal. This later effect may be associated with accompanyingr

•_. weld-metal yield _trength variations as the result of the different aging

treatments, although insufficient weld wire was available to evaluate these

_i properties for the Inco wire. The SNB fracture toughness of weld metal heat
34428-.31 _i was intermediate between heat 07495 and the Inco wire. Except

_ for weld deposits representing the Inco filler wire, the SNB fracture toughness

[ of the weld metals was not significantly affected by the varioi_ aging treat-

(_ ments investigated. Also, there appears to be no significant difference in
£

I! fracture toughness between test specimens (filler wire heat 5_28-.31 Ti))

i representing the single-U and double-V Joint configurations.

'I1
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

The SNB fracture toughness of Republic heats

3960524 and 3920556 base metals are tabulated below for comparison with the

weld metal data. "i
i

Fracture Toughness (Glc) _n.-Ib/in. 2 *

Aging Cycle Heat 3960524 Heat 3920556 ]}

OF h__r Longitudinal Transverse Longitudinal Transverse

850 8 h42-568 366-443 526-667 532-615 -i

Avg (4) h77 Avg (4) 372 Avg (5) 581 Avg (5) 56__9 _.

900 8 413-501 345-410 h59-639 496-579

Avg (i0) 438 Avg (h) 376 Avg (5) 526 Avg (5) 538

950 8 432-582 437-479 496-601 525-616
i

Avg (3) 546 Avg (5) _56 Avg (5) 53_h_ Avg (5) 589

* These data were calculated by Bueckner's method.

Comparisons between the weld-metal and base-metal SNB fracture-toughness data -i

also show the same trends that were indicated previously for the PCI fracture _!

toughness data, in that the fracture toughness values for the tougher weld

imetals were comparable to or exceeded the values obtained in evaluation base

metal heats which exhibited strengths on the high side of the values specified

235 ksi yield strength) for the program. However, the weldment frac- _i_'(200 to

ture toughness may be lower than that of base-metal heats which are in the

intermediate or low yield strength range of the specified limits, ii

Weld-metal deposit with 3h428-.31 Ti filler [l

wire, which is considered representative of the filler wire composition

recommended for the fabrication program, exhibited SNB fracture toughness

(Gic) values of 340 to 360 in.-lb/in.,2 after aging at 850, 900, and 950°F U

for 8 hr at a 0.2% offset yield strength of 207 to 215 ksi. These Gic values

correspond to Kic values of i01 to i0_ ksi _. and the following critical

surface flaw lengths, assuming the indicated flaw shape and an operating

stress of yield strength (210 ksi) magnitude.
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

Flaw Configuration Critic_i Flaw Size, in.

Defect Type Depth/Length Q Elc , ksi i_. Length Depth

Semicircular

i Surface Crack 0.5 2.2 102 0.26 0.132
Long Shallow

Surface Crack 0.i 0.88 102 0.53 0.053

Embedded Porosity 0.5 2.2 102 0.33* ---

T

Weld metal deposited with heat 07495 filler wire, which exhibited the lowest

fracture toughness (Glc) values obtained in the program, had plane-strain

I fracture toughness (Gic) values of approximately 260 in.-ib/in. 2 at a yield

strength level of 207 to 216 ksi. This Gic value corresponds to a Kic of

_i aoproximately 90 ksi /_. and the following critical surface flaw lengths,
U assuming an operating stress of yield strength (210 ksi) magnitude.

Flaw Critical Flaw in.
Configuration Siz_

Defect Type Depth/Length Q _c' ksi iJ_. Length Depth
u

If SemicircularSurface Crack O. 5 2.2 90 O.22 0.ii

Long Shallow

I- Surface Crack 0.i 0.88 90 0.42 0.042

Embedded Porosity O. 5 2.2 90 O.26*

* Diameter
g

s _ In interpreting the above fracture toughness

| data, a critical flaw shape corresponding to a surface flaw depth/length ratio

i of 0.i is the most severe condition from a performance consideration, while aflaw depth/length ratio of 0.5 is the most critical in terms of nondestructive

inspection capability. As indicated by these data, critical surface-flaw

I! lengths characteristic of both filler wire compositions and both defect

configurations should be detected by available nondestructive inspection

techniques (magnetic particle, X-ray, dye penetrant, and ultrasonic). Also,

the porosity size indicated above can be detected by X-ray inspection and is
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

in excess of'the maximum size (0.060 in.) permitted by current X-ray accept-

reject criteria (specification AGC-13860 Class i) used in the fabrication

program.

(c) Part-Through-Crack Tensile Tests

It is signiYicant to note that the SNB

fracture-toughness data presented above is considered qualitative and con-

servative in that the fracture toughness (Gic ,Kic) values and critical Ylaw

sizes are less than those which could be obtained using valid, quantitative

plane-strain fracture toughness, part-through-crack, tensile test specimens.

Although weld deposit part-through-crack tensile tests were not conducted

at Aerojet, Boeing performed tbese tests using filler wire (heat 068_7)

supplied by Aerojet and 0.75-in.-thick base plate from Republic heat 3920556.

The test results obtained at Boeing are sho_m below:
J

o Ultimate O. 2_ Offset _

S%rength, Yield Strength, Elongation Reduction

k_i ksi (2 in.), ¢ in Area, _! Kic, ksi _

213 210 13 38 131 _

As indicated by these data, weld deposit yield strength and fracture toughness i"

(Klc) values of 210 ksi and 131 ksi i_., respectively, were obtair._d. -"

Assuming an operating stress of yield strength magnitude and fla:: sha.o_= or _,i.

0.i and 0.5, critical surface flaw lengths of 0.9 in. and 0.46 in., respec- {]

tively, are obtained.

{t
(d) Heat-Affected-Zone Fracture Toughness

{J
Weld heat-affected-zone fractur_-toughn__

data must be interpreted with caution becau,e of the considerable variations [_
O

[}
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i V, A, Weld Process Development and Filler-Wire Selection (cont.)

[ in microstructure that occur in the plane of the test specimen notch from

the irregular geometry of the weld heat-affected zones. The notches were

i located by etching the fracture-toughness specimens after rough machining

( and by scribing a line on the specimens to show the notch location. In

i valuating each weldment, the notch was located to extend from the edge of
, the weld fusion zone at the surface of the plate through the thickness of

the plate. In double-V welds the notch extended from the edge of the weld

I fusion zones on both plate surfaces through high- and low-temperature areas

of the heat-affected-zones near both surfaces and through low-temperature

heat-affected zones and partially unaffected base-metal plate in the center
of the plates. In the single-U welds, the notches extended from the edge of

"_i the fusion zone on the face of the weld through high- and low-temperature
U

areas of the heat-affected zones near the face of the weld and through low-

temperature areas of the heat-affected zone and partially unaffected basemetal of the root of the weld. These effects are illustrated in Figure 99.

Also, because the heat-affected zones were narrow and had steep temperature

_- gradients during welding, it was not possible to locate notches in metal that

had undergone identical thermal cycles from one specimen to the next. As a

result, the heat-affected zone fracture-toughness data can be used to provide
a qualitative comparison with the base metal, but cannot be analyzed to obtain

quantitative comparisons between the effects of varying welding proc,:dures and
joint designs on the heat-affected zone fracture toughness.

F i Precracked Charpy Impact TestsD

I The PCI fracture toughness (W/A) of weld

heat-affected zones in Republic heat 3960524 O.6-in.-thick plate material

" obtained with the various joint designs and filler wires are listed in
Figures 91 through 94. The average room temperature values are summarized

I _ below.
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

Fracture Toughness (W/A), in.-ib/in.2.
Base Metal Heat Affected Zones

Double-V Joint - Single-U Joint
Aging Cycle Filler Wire Filler Wire Filler Wire

°F h__.rLong. Tran_____s.07495 32428-.31 Ti 3hh28-.31 Ti

850 8 958 547 844 952 1200

900 8 1006 728 8_5 1025 1284

950 8 1356 1126 961 llO6 1495

*All base metal toughness data was obtained with a 0.394- by 0.39_-in.
specimen, and the weld heat-affected zone toughness data was ebtained
with a 0.600 by 0.394 in. or 0.575- by O.394-in. specimen.

As indicated by these data, the room

temperature fracture toughness of the weld heat-affected zones was comparable

to, or exceeded, that of the base metal in the transverse orientation after i

all aging cycles. Also, with the exception of the welds made with 07495

filler wire (all aging cycles) and the double-V weldments processed with -i

34428-.31 Ti filler wire aged at 950°F for 8 hr, the fracture toughness of

the weld heat-affected zones was comparable to that of the base metal in the -'_

longitudinal orientation. Consequently, the differences between the base

metal and the weld heat-affected-zone fracture-toughness values were caused _-:

primarily by specimen orientation in respect to the plate rolling direction, _!

and the data shown above indicate weld heat-affected-zone fracture-toughness

properties which are comparable to the base metal.
_A

2 Slow-Notch-Bend Tests

The SNB fracture toughness (Gic)of weld ii
heat-affected zones in 0.6-in.-thick plate from Republic heat 3960524 is

listed in Figures 95 through 98. The average values are summarized below. [!

U
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V, A, Weld Process Development and Filler-Wire Selection (cont.)
|

t Fracture Toughness (Glc) in.-ib/in.2*

Aging Cycle 3960524 Plate Heat-Affected Zone

°F h__rr Longitudinal Transverse Double-V Single-U

I 85o 8 442-568 336-443 485-564 47o-666Avg(4)47_27 Avg(_)37_Z2 Avg(3)51__ Avg(5)53_A

i 900 8 413-501 345-410 448-632 452-581Avg (i0) 438 Avg (4) 376 Avg (3) 530 Avg (5) 513

280-439

Avg (5) 347

950 8 432-582 437-479 337-574 425-597

Avg (3) 546 Avg (5) 456 Avg (3) 490 Avg (5) 517

352-499Avg (5) 400

4 * These data were calculated by Buechner's Method.

_J These data show the fracture toughness of heat-affected-zone specimens

representing both double-V and single-U joint configurations and indicate that

I- no significant difference in fracture toughness properties between the two
joint designs exists. Also, with the exception of one double-V weldment, the

fracture toughness (Glc) of the heat-affected zones was comparable to that
of the base metal in the longitudinal orientation. However, the fracture

I toughness values obtained on testing specimens from the heat-affected zoneof the weldment that was the exception were comparable to the fracture

• toughness of the base metal in the transverse orientation. It is believed

• I that the lower fracture-toughness values obtained on testing specimens from

the latter weldment was due to the orientation of the weld heat-affected zone

] test specimens in relating to the rolling direction of the plate. Metallo-

graphic examinations were conducted to verify this belief, but the results

I'_ were not conclusive.

r

Ii
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

d. Root Gap Opening

Studies were also conducted to determine the effects

of variable root gap on welding procedures and the tensile and fracture

toughness properties of the weldments. Initially, weld test plates machined

from 0.6-in.-thick, 18_-nickel maraging plate (Republic heat 3920556) with a

single-U weld groove preparation were welded to determine the maximum gap

that could be tolerated before burnthrough occurred. Figure lO0 shows the

joint configuration and indicates the various weld schedules employed in

these investigations and the root gap at which burnthrough occurred. Success-

ful welds were made with root-gaps ranging from 0.000 to 0.070 in. However,

when the gap was increased to O.lO0 in., severe burnthrough was encountered.

Consequently, the maximum root gap that can be tolerated without encountering

burnthrough is approximately 0.070 in.

_ Subsequently, three plates were welded with a root gap V
of 0.070 in. extending the full length of each 12-in. joint. Filler wire

07495 and plate material from heat 3920556 were used to make the welds. All

test specimens were tested in the as-welded and aged (900°F for 8 hr) condi- i

tion. The results of the tensile, precracked charpy impact and SNB fracture-

: toughness tests are listed in Figures i01 to 103. As indicated by these data, -i_

the tensile strength and weld-metal fracture toughness of the weldments -"

i processed with O.070-in. root gap were comparable to, or exceeded, the values V_

obtained previously in evaluating double-V welds made with the same filler _i

wire (heat 07495) in Republic heat 3960524 plate. Also, the fracture tough-

iness of the weld heat-affected zone was comparable to that of the base metal

in both the longitudinal and transverse orientations. Consequently, a root

'ii gap of 0.070in. had no apparent effect on the weldment tensile and fracture }
toughness properties in comparison to weldments processed with zero root gap.

!.!
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V, A, Weld Process Development and Filler-Wire Selection (cont.)

( e. Recommended Welding Procedures for the 260-in.-dia
i Motor Program
[

i On the basis of the results obtained in this program,

the following recommendations were made for joining Grade 200, 18%-nickel,

I maraging steel plate material in the 260-in.-dia motor fabrication program.
&

i _iller Wire ComPosition, wt%C Ni Co Mo Ti A1 Ym P S Si

0.03 17.5/18.5 7.5/8.0 3.6/3.8 o.26/o.30 0.IO 0.iO 0.01 O.01 O.01

t Added Max Max Max Max

Filler Wire Melting Practice

_i Vacuwn arc remelt or vacuum induction melting process

Welding Process - Tungsten Inert Gas (TIG)

Joint Design - Single-U or Double-V
+ Maximum Root Gap - 0.070 in.

I.i B. E,ALUATIONOFSELECTEDWELDFILLERWIREANDWELDPROCESS

i After preliminary determination of the filler-wire chemistry,

welding parameters, and weld-joint design previously discussed, the next

I] step in the material and process evaluation program was to assure that the

i welding procedures used in the actual fabrication resulted in weldments with

" i+ high toughness and adequate strength that consistently met the quality
requirements for actual fabrication. This phase of the program was

i accomplished using the fabrication shop TIG welding equipment operated bythe shop personnel to be used in fabrication. All test specimens were

prepared in the shop environment. Particular interest in this phase of the

• I] evaluation was to develop a complete understanding of the welding process

characteristics and necessary controls when welding 18%-nickel steel and to

carefully evaluate the process for inherent defects or process characteristics
which could Jeopardize the reliability of the motor pressure vessel components.
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

This analysis was accomplished with four filler wire and plate

combinations for evaluation of the automatic welding process and also included

the development and evaluation of repair welding techniques. The chemical

analyses of the 18_0-nickelfiller wire and plate material used in the

evaluation is shown in Figure 104.

Weld-deposit strength and toughness were evaluated with four or

more maraging cycles. The primary heat-affected zone was also evaluated

using various plate and weld wire combinations. For the toughness evaluations,

SNB and PCI specimens were used. Various weld-repair techniques were

extensively evaluated and indicated satisfactory strength and toughness after

severe repairs. The latter evaluation was borne out in the hydrostatic tests

of the first and second 36-in.-dia Process Evaluation Test Vehicles (PETV)

where the automatic and repair welds were extremely successful. A report,

Reference 8, was prepared on this phase of the material and process evaluation
4"

program.

E

1. Welding Procedures and Equlpm_nt -

7_

The weld Joint detail for slngle-U butt-Jolnt preparation is

shown in Figure 105. This Joint detail was used for plate thicknesses from

0.410- to 0.710-in. gage. The major welding parameters and equipment used _

are listed below.

Welding Condition Parameter

= iI
Arc voltage 11 v

Weld travel speed 8 in./min (5 in./mln root pass) _

Heat input 30,0OO Joules/in. (t
Cold wire feed 60 in./min

Gas shielding Argon gas: torch, 30 cu ft/hr;
backing shield, 20 cu ft/hr
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

I Welding Condition ParameterWire diameter 0.060 in.

Electrode diameter 0.150 in. (2% thoriated)Welding torch Linde HW-27 (gas lens type)

Automatic arc voltage control LindeHWM-2

Powez source Miller 600 amps at 604 duty cycle,
rectifier type (constant amperage)

i The automatic-welded test plates were 8 in. wide by 18 in.

long, while the manual-weld test plates were 8 in. wide by 6 in. long. After

Ii completion of welding, the top and bottom weld surfaces were ground, and the

weldment was X-rayed in accordance with production requirements. All welding
f-

_ conditions on each bead were recorded, and comments, such as nonw_tting,

rounded bead, etc., were recorded. After quality inspection requirements,

the weld plates were machined to produce the test specimens.

I 2. Specimen Preparation

All tensile, SNB and PCI specimens were machined at the

Wetherill plant of Sun Shipbuilding Co. and by Lehigh Testing Laboratories.

All specimen blanks were sawed; powder-burning or any other hot-cuttlng

methods were not allowed. Machining operations were performed in a manner
that precluded significant heating of the material. Each specimen was

Im inspected for conformance to drawing tolerances. An optical comparator was
uced to inspect notch radii and other critical dimensions.

[I_ The heat-affected zones on the PCI and SNB specimens were

determined by an acid etch. The heat-affected-zone notch was positioned on

1 each etched specimen at the edge of the fusion line at the top of the weld,

as shown in Figure 106. Many of the ,_elddeposit PCI and SNB specimens were

[_ to ensure that the machined notch would be centered in the
also acid-etched

weld deposit. All impact and bend specimens were notched in the thickness

direction.
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Tensile specimens were machined transverse and longitudina]

(weld metal only) to the weld joint. Sketches of the specimen dime,sions

are shown in Figures 107, 108, and 109.

3. Testing Procedures

All of the specimens were maraged at Sun Oil in a calibrated

convectlon-type furnace. Temperatures of 850, 900, and 950°F and times from

4 to 16 hr were used for maraging cycles. The furnace accuracy was within

+ 5°F. Furnace charts were maintained for each series of specimens.m

After heat treatment, the tensile specimens were tested at
A

Sun Oil with a 120,000 ibf Riehle universal hydraulic tensile machine. The

test temperature varied from 70 to 80°F and the relative humidity from 35 to

I 55%. The strain rate during loading to yield was 0.010 in./in.

The impact specimens were shipped to Manlabs, Inc., for \

fatigue cracking and testing after maraging was completed. A Manlabs fatigue

precracking machine, Model FCM-300, was used for cracking. This equipment

produced a nominal fiber stress of 70 ksi during cracking. Impact testing

i was conducted on a 128 ft-lb impact machine, Model CIM-128.

_ne SNB specimens were sent to _ze Vertol Division of the

Boeing Company for fatigue cracking after maraging. A Sonntag SF-IU universal

fatigue-testing machine with an attached bend fixture was used for fatigue

cracking. Fatigue cracking time was set at around 6m in, which required about i

7000 to 12,000 cycles. During this procedure, the nominal fiber stress was

estimated to be 75% o£ the material yield strength. After fatigue cracking,

the specimens were tested to destruction in a Riehle universal hydraulic

tensile tester with a three-point bending fixture attached. A loading rate (
!
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1 of 0.020/0.025 in./min was used during testing. Specimen load and deflection
)

were autographically recorded for each test. The deflection was measured by

: a linear differential transformer located between the top and bottom plates

( of the bending fixture.

i The point where the load deflection record deviated fromI

linearity was marked on the graph. This point .was further analyzed to

i calculate the strain release rate (Gnc) at the onset of rapid crack
energy

growth. & considerable amount of trouble was encountered in this measurement

I from weldment bend bars. In many cases, t_e gradual deviation from lJnearity
was evident, as shown in Figure llO, and the proportional load was as much

,I as 35% lower than the maximum load. The condition, which may be indicative

O
of slow crack growth and yielding, results in low Gnc values. Where a Jog

in the load deflection curve occurs (constant load with increasing deflection)

I] near the proportional load value, a "pop-in" or rapid fracture is believed to

be present. The latter was not apparent on many of the weld bend bars.

!

Calibration bars were tested with relatively blunt notch

radii (approxxmately O.O10 in. radius). Notch depths were varied in these
bars to supply a calibration curve for the material tested nnd to calculate

Ii the first derivative of the r_ciorocal of the _pr%ng constant with respectto notch depth. Ten bars were used to calibrate weldments, and five bars were

used for the heat-affected-zone analysis.

[
The calibration bars were loaded within _eir elastic limits

and the m_ximum loads for the various n_tch depths are given below.

ILl

L!
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Depth_ in. Maximum load_lbf

o 60oo

O.lO0 6OOO

o.150 6OO0 _.

O.175 6000 ..

O.200 6000 ";

o.225 6ooo

o.25o 48o0

O.275 4800

o. 3oo 3600 -

0.325 36OO

Each specimen was loaded and unloaded three times and the average load

deflection slope for the three runs were recorded.

For each set of SNB bars, the total notch depth was measured.

A convention of measuring the notch depth at the middle of the specimen was

adopted since this is where the greatest stress concentration occurs. However,

the weld and heat-affected-zone bars showed considerable variation in fatigue

notch depth due to the nonhomogeneity and nature of the structure being tested.

The measured notch depth was used to calculate Glc values by the Bueckner

analysis. The notch measurements were made on an optical comparator where

the fracture surfaces were greatly magnified.

4. Discussion and Results

a. Heat 34428 Weld Wire and Plate R-599-I

(1) Tensile Data !I

The strength of weld wire of this chemistry was !I

expected to range from 200 to 220 ksi. The maximum weldment yield strength

p_e 8k
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/ with an 8-hr aging time, 220 ksi, was developed at 900°F. The minimum

weldment yield strength was 207 ksi when the material was maraged at 850°F

: for 8 hr. With the four aging cycles used, all transverse yield strengths

ranged between 210 and 220 ksi, as shown in Figure ii!. The weld tensile-

ductility values were comparable to that of the parent plate material.

In comparing the weld metal only (longitudinal)

} and transverse yield strengths, a decrease of 3 to 6 ksi was noted. This

difference was attributed to anisotropy of stringer bead weldments.

I" Tensile specimens from three manually welded test

,_ plates had a much lower (24 ksi average) average yield strength than the

L automatically welded specimens, and they fractured in the heat-affected zone

rather than the weld zone (Figure 112). Subsequent heats of weld wire were

investigated to determine the causes for this loss of strength.

(2) Slow-Notch-Bend Data

The G values presented in Figure i13 show high
values, around 400 in.-ib/in. 2, ncfor the 900°F aging cycles. That these values

are above the parent-plate longitudinal values (350 to 400 in.-ib/in. 2)

_ indicates a satisfactory choice of weld-wire chemistry and welding procedure.

The latter requirements are very desirable since residual stresses are higher

I and defects are more likely in the weld metal than in the parent metal.

i .

b. Heat 34481 and Heat 08436 Weld Wire with Plate R-600-1
- and Plate R-6OO-IA

These two weld-wire and plate evaluations are discussed

together since they represent the welding materials used in the first PETV

_ cylindrical section and hemispherical head. Also, as shown in Figure 104,

Page 85 I
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the weld-wire chemistries were very similar; the plate chemistries were alike

since the two plates were rolled from the same slab.

(1) Tensile Data

All strength data for these two heats of weld wire

fell between the limits of 205 and 218 ksi, as shown in Figures ll4 and ll5.

The 34481 heat of wire was about 5 to lO ksi stronger than the 08436 heat.

These strength values represent joint efficiencies of 95 and 91%, respectively,

based on the yield strength of the parent plate material. The tensile ductility

of the welds was comparable to that of the plate.

i In comparing the weld metal only (longitudinal)

i data with the transverse data; a decrease of 4 to 6 ksi was noted. Thisminor difference was attributed to anisotropy of stringer bead weldments.

(2) Slo_.-Notch-BendData

Both heats of weld wire gave intermediate toughness

values in the range of 250 to 300 in.-lb/sq in. These Gnc values for the

weldments equalled the range of values exhibited by the parent plates. The

! toughness in the heat-affected zone was around 250-in.lb/sq in. in the

R-600-1 plate but higher, around 350 in.-lb/sq in., in the R-6OO-1A plate.

However, the Gic values for these weldments and

heat-affected zones fell in the range of 300 to 350 in.-lb/sq in. Why they

were higher than the G values was not completely evident. For the 3_81nc

weldments and heat-affected zone, many "a" measured values are higher than

the corresponding "a" effective values; this difference tends to make Gic

higher than Gnc values. Another comparison of the 08436 weldments and heat-

affected zone shows that the effective "a' values were higher than "a"

Page86
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! measured values, yet the weldment Ic values were again higher than the G• nc

values. These data are listed in Figures ll6 and llT.

i (3) Precracked Impact Data

[ The plane stress W/A values are presented in

Figures ll8 aoa ll9. At room temperature, W/A was between lO00 and

i l '_ 'I 1500 in.-13/_q _. for these weldments, which should correspond to a

G of 300-in.-ib/sq in. and above. Values in the R-6OO-IA heat-affected
nc

zone were above those in the parent plate, whereas in R-600-1, the heat-
affected-zone values were nearly equal to parent-plate values.

f

"_" c. Special Metals Weld-Wire Heat 63343 with Plate
Heat 25000-1

[,
The Special Metals wire heat 63343 was intended for

the longitudinal and girth seams of the second PETV and in the 260-SL-1
motor chamber. _e evaluation of welding with this heat of wire was extended

I to a complete characterization for fully understanding the properties to beexpected in the second PETV and for the subsequent characterization require-

ments of production materials. The chemistry shown in Figure 104 was

I_ comparable to that cf the earlier heats of weld wire evaluated.

I" (i) Tensile Data

[ The yield strengths (Figure 120) at the 900°F
%

aging cycles lie between 205 and 211 ksi. These strength values rporesent

joint efficiencies of 90 to 95% based on yield strengths with various plates.

At the 950°F maraging temperature, overaglng of the weld was apparent, and

all strength values ranged between 200 and 190 ksi for the automatic welds.

[ii To further examine the maraging temperature range between 900 and 950°F,
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tensile specimens were tested at 925°F. At 925°F, the yield strength values

were the same as at 900°F, indicating that the overaging temperature was

between 925 and 950°F.

A comparison of the data for the weld metal only

(longitudinal) and the transverse tensile data showed the maximum difference

was 7 ksi; this was again attributed to anisotropy of stringer bead weldments.

(2) Slow-Notch-Bend Data

The SNB tests of this heat of weld wire yielded

low Gnc values (200 to 225 in.-ib/sq in.). At 950°F, the G value rose tonc

291 in.-lb/sq in., but this corresponds to a yield strength of only 196 k_i

i (Figure 121). The parent plate G values were about 250 in.-lb/sq in.
nc

To examine the influence of specimen size on Gic

values, larger specimens were machined, of the same width but deeper than

the standard specimen. The effects of specimen size on Gic values are shown

in Figure 122. The most important trend was one of increasing Gic with

specimen depth. A realistic Gic value for these welds was 425 in.-lb/sq in.,
which was considered to be a valid test value. Another trend was one of

_ decreasing nominal stress at the notch. On the basis of results obtained by

, other experimenters with other types of specimens, this trend was expected.

The Gic values for the 0.6- by 0.6-in. heat-affected-

zone specimens were between 375 and 400 in.-ib/sq in. These values were above i

the parent-plate values and almost equal to the weld values (Figure 123).
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(3) Precracked Impact Data

i The room temperature W/A values for these welds

_. were between i000 and 1400 in.-!b/sq in. The heat-affected-zone values ranged

r around i000 in.-Ib/sq in., which was above the parent-plate range of 800 to

i 900 in.-ib/sq in. and below the weld values. No significant variations of

W/A values with test temperature were noted. The weld specimens aged with

i the second PETV showed iO to 20% lower W/A values than the laboratory-aged

specimens, but the heat-affected zone specimens agreed well with their

" counterparts (Figure 124).

,_ d. Conclusions

On the basis of the larger specimens taken from weldments

made with the 63343 heat of weld wire, Gnc values of 425 in.-ib/sq in. were

estimated. The W/A values and strength values were in excellent agreement

_ for all the
weldments.

Critical flaw sizes were calculated for these weldments
as follows:

(i) The critical dimensions of a long, shallow surface
flaw are 0.075 in. deep by 0.75 in. long.

(2) The critical diameter of an internal flaw (a round

porosity with sharp edges) diameter is about 0.4 in., which is two-thirds of

[] the plate thickness.

_ The size of the critical surface flaw was above the 3%
LJ

thickness notch criterion used in ultrasonic testing of parent plate and well

[_ above the 50% response from a i/8-in, hole half-thickness depth used forweldment inspection. With careful inspection techniques, flaws smaller than

critical size should be found.
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5. Repair-Weldin_ Evaluation

It became apparent early in the fabrication program that

manual repair welding could result in lower strengths than in automatic

weldments, depending upon the repair-welding techniques used. Examples of

these strength values are shown in Figure 112, where Special Metals weld

wire 3_h28 was used. The yield strength of manual welds performed by three

different operators was 22 ksi lower than Jn the comparable automatic welds.

The first concern with r._pairwelding was that there may be

a loss in critical chemical elements in ':_'ansferacross the welding arc.

To investigate this possibility, two test plates wet. _repared with 3_h81

weld wire. Tensile specimens were also taken from both test plates. The

chemical analysis of the weld deposit from both of the plates is shown below.

Test Plate Test Plate Weld-Wire Analysis
Element lwt% WT-2 WT-4 (Heat 3h481

Nickel 18.22 18.28 18.4

Cobalt 7.63 7.6h 7.73

Molybdenum 3.75 3.72 3.6

Titenium 0.25 O.25 0.26

Aluminum 0.0! O.01 0.08 i

If the minor chemical differences are taken into account, no strength differ- i

ence between wire and weld chemistries is estimated by the AeroJet regression

formula. Yield strength._from an average of three tensile specimens from ii

each of the two manually welded pla%es were 189 and 203 ksi, respectively.

Autematic-weld yield strengths ranged between 213 and 218 ksi w_th this heat ()

of weld wire. The data showed that the yield strength of n_nual welds depended ._

on the skill and technique of the operator. _
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a. Equipment and Parameters for Manual Welds

i
The welding conditions evaluated for manual welds are

i shown below. It must be recognized that considerable variations exist in

such variables as welding speed, wire feed, etc., since they depend greatly

! on operator technique.

i Welding Condition Parameter
I 150-200 amp Current

• ll.5-11 vdc Arc voltage

About 1 in./min Weld travel speed

ll0,000 Joules/in. Heat input
f-

"_ 18 in. Cold wire feed

Argon gas-torch; 30 cu ft/hr Gas shielding

0.060 in. Wire diameter
0.125 in. (2% thoriated) Electrode diameter

I Linde HW-19 Welding torchMiller 600 amp at 60% Power source
duty cycle, rectifier

I type (constant amperage)

A comparison of the manual and the automatic welding conditions showed thatin manual welding the heat input (Joules/in.) could be four times higher.

Maraging steel that was exposed to temperatures in the llO0 to 1200°F range

I" for extended periods would have a tendency to form austenite which does not

transform to martensite. This retained austenite in localized large amounts

I would tend to lower the strength of the Joint.

i ,

Page 91

! .
l I IJ_llUl NIm "

1967020705-112



Report NASA CR 72126, Appendix B

V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

b. Evaluation of Repair Procedures

To investigate the effects of various manual weld-repair

procedures, repair areas were ground out to various depths in a number of weld

test plates, using a hlgh-speed rotary file with a tungsten-carbide tool bit.

These repair areas were generally less than 2 in. long and were similar in _I

size to the areas expected to be encountered during production.

Flat tensile specimens were used for evaluating the

strength of the repair-weld Joints. Gage length and width were 2 in. by

1/2 in. by material thickness. Top and bottom weld reinforcements were

• machined flush. PCI specimens were used for toughness evaluations since the

repair areas were small. Also, the PCI averages toughness through changes in

structure, a service that the larger SNB specimens cannot perform.

(i) Repair Procedure 1

The initial repair-welding evaluations were similar

to the repairs being performed on a longitudinal seam in the cylindrical

section of the first PETV. This procedure is outlined below:

(a) R-600-1 test plate automatically welded to

half thickness (0.300 in.).

(b) Weld deposit machined to O.lO0-in. depth at

the root. il '

thickness, i

ii'

il
lI I_IIII I i_ ' 1

1967020705-113



Report NASA CR 72126, Appendix B

V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

r (d) Weld deposit machined again to 0.100-in.

depth at the root.

i (e) Plate automatically welded again to half

thickness.
!

{
(f) Weld deposit ground out in specified areas

i to O.020-in. depth and manually repaired.

I- (g) Remainder of Joint then automatically welded.

In some areas of the test plates, repair weldingI-

_L_ was performed five times (four automatic, one manual). The resulting Joint

yield strength of flat tensile specimens (Figure 125) shows values of 200

_ to 210 ksi (900°F for and 215 to 220 for impact
hr) ksi (900°F 8 hr). The

data listed in Figure 126 showed W/A values for welds and heat-affected zones
o

I between 1500 and 2000 in.-lb/in _. These values are higher than the values
given by automatic welds and heat-affected zone specimens (Figure llS).

I This repair weld was also examined with micro-

hardness traverses, and no softened maraged areas were found; the data are

shown in Figure 127. ior comparative purposes, a similar set of microhardness

traverses are listed for a sample from a manual weldment. Photomicrographs

_ of these welds are shown in Figure 128. The weld hardness was generally below

that of base metal and local variations of 5 points (Rockwell C) were noted.

The manual-weld hardness was lowest near the root area, a condition which was
not true in the repair weld. Basad on the specimen data compiled, this repair

Lf procedure w_ considered to yield good J_int strength and adequate fracture
i

toughne ss.

I
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(2) Repair Procedure 2

Another repair procedure was investigated that

paralleled the repairs performed on the hemispherical heads of the first

PETV. The procedure is outlined below.

(a) R-600-1A neat _est plate automatically welded

to full thickness.

(b) Root side of _int ground out with a rotary

file and rewelded manually.

(c) Weld deposit machined to half depth (0.BS0 in.).

(d) Joint manually rewelded.

(e) Weld deposit machined again to half depth.

(f) Joint manually rewelded again. _

In some areas of these test plates, manual repair _

welding was performed three times. Thls procedurn was believed to be a more

severe test than the first repair procedure. However, as shown in Figure 125,

the Joint strength was still 200 ksi. The strength data were also correlated _i

with smaller 1/_-in.-rotmd tensile specimens.

As with other repair welds, the PCl data shown

in Figure 129 exhibited weld toughness values equal to or higher than those _l
lq.

of automatic welds. The W/A values for the welds fall between 1100 and

1800 in.-lb/in. 2. The heat-affected zone data from the repair welds showed i l
!!

!i
Bill I pPlmlmIp -

1967020705-115



'I

{ Report NASA CR 72126, Appendix B

I V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

values which were lower than the corresponding zone for the automatic welds.

This is explained by two facts: first, because of the large weld nugget at the

i top of the weld, the machined notch runs mainly through base-21ate metal;
and secondly, the specimen orientation compares with the transverse base-plate

i orientation. The average base-metal values for the same aging cycle were 81_and 610 in.-lb/in.2 (dependent on specimen location) , which correspond very well

with the heat-affected zone W/A of 823 in.-lb/in. 2.

(3) Repair Procedure 3

1
A third repair procedure was evaluated which

•Ii simulated the root-side repair of welds that exhibited incomplete penetration.

This procedure is outlined below.

(a) R-6Oh-lA test plate automatically welded full

thickness with _:_complete penetration of the root side.

(b) Incomplete penetration was ground out and

[i manuallyrepaired.

._ (c) F-ray showed unsatisfactory repair and root
ground to about quarter depth and manually repaired again.

r The flat tensile data showed 210 ksi yield strength

• for this repair procedure, as shown in Figure 125. This value correlated with

205 ksi frc_ the i/_-in.-round tensile data from welds with Armetco 08_36 weld

wire.

B l m n
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Again, the impact values for this weld procedure

were high (Figure 130). These values are equivalent to the test data from the

automatic welds (Figure 119).

6. Repair Welding After Maraging

The objective of this investigation was to evaluate the tensile

and fracture-toughness properties and metallurgical characteristics of maraged

plate and welded Joints that have been repair welded and reaged in the event

this type of repair effort might be required in the 260-in.-dia-motor

fabrication program.

Repair-welding operations on age-hardened large-diameter

rocket-motor cases result in thermal cycles not encountered in processing the

original welds or repair-welding chambers before they are age-hardened. For

example, it would be necessary to reage the repair weld by locally heating the

chamber. During this local aging operaticn, welded Joints and base metal

adjacent to the repair weld would be subjected to a second aging cycle, and the

maximum temperature reached in these zones would range from ambient temperature

to the aging temperature, depending on their location with respect to the

repair weldm_nts. The fusion zone and high-temperature portion of the repair-

weld neat-affected zones would correspond to welds made before aging, because

they would be heated above solution-annealing temperatures and effects of

previous aging treatments would be eliminated. However, the low-temperat,.re !

portions of the heat-affected zones would undergo thermal cycles in which

additional aging or austenite reversion could cccur. These low-temperature }I
• 7

heat-affected zones could be located in previously aged base metal, weld

metals, and heat-affected zones of the original welds, fir

!t
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The repair welding evaluation program was conducted to

! evaluate the tensile and fracture toughness properties of: (i) base metal,

weld metals, and weld heat-affected zones that were subjected to a second

aging cycle to simulate the thermal cycles encountered when repair welds %re

locally aged, and (2) the low-temperature portion of repair-weld heat-affected

i zones, which may be located in previously aged base metal, weld-metal, or the

original weld heat-affected zones, where additional aging could occur. Except

i for limited evaluations provide information, properties
to baseline the of

the repair-weld fusion zones and high-temperature portions of the repair-

I weld heat-affected zones were not determined, since these areas would exhibit
properties which are comparable to the original weldments produced before aging

• | and chamber assembly.
tJ

a. Welding Equipment and Procedures

The weldments were prepared in Grade 200, 18%-nickel

maraging-steel (Republic heat 3920556) with the TIG welding to
plate process

evaluate repair-welding procedures. The weldments were 12-in. long, and

I were produced by joining two 4-in.-wide by 0.6-in.-thick test plates. This
test weldment size was selected to provide sufficient material for preparation

f of the various test specimens that were used in the program. Individual

i_ weld test plates were machine-cut and all plate edges were machined for weld-

ing. After machining, the plates were degreased and the plate surfaces were

I ground to remove oxide scale. Immediately before welding, the Joint edges

were cleaned with acetone to remov_ oil film and other foreign materials.

A HWM-_ automatic welding head, equipped with a MW-13

[_ welding torch; a EGI03 governor-controlled cold-wire feeder; and a 400-amp
L_

dc welding-power-source was used to prepare the TIG weldments. The weld-test

I! plates were clamped to a rigid, water-cooled, copper backup bar thac alsoaligned the plates during welding.

U
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Weld Joint configurations and welding and shielding

conditions duplicated those previously used in the plate welding studies

conducted at AeroJet in support of the 260-in.-dia motor program and were

adjusted to provide sound welds in accordance with applicable radiographic

(AGC _3860, Class i), ultrasonic (AGC 32115), and magnetic particle (AGC 32116)

nondestructive inspection specifications.

.}
Precautions were taken during the welding operations to .5

obtain fast weld-cooling rates and to minimize the size of weld heat-affected

zones. Pre- and post-heating were not used. Also, the weldments were allowed

to cool between passes so that the interpass temperature did not exceed 200°F.

• These are standard precautions taken in welding 18%-nickel maraging steel plate

to minimize austenite reversion in the weld heat-affected and weld-fusion-zones

during welding.

Weldments were prepared with several variations in Joint .

configuration and thermal history to develop information on the tensile and :i

fracture toughness properties of repair welds in aged plate and weldments.

Figure 131 shows schematic diagrams of the single-U and square-butt-Joint

configurations that were used. The single-U configuration corresponds to that

used in fabricating large diameter chamber components for the program an1
5

was used to prepare specimens for evaluating the tensile properties of the

weld metal and weldments and the fracture toughness of the weld metal. The

square-butt Joint configuration was used to prepare precracked Charpy impact

and slow notched bend specimens to evaluate the fracture toughness of the I
weld heat-affected zones. The square-butt Joint configuration was selected so _I

that notches coald be located entirely in the weld heat-affected zones, thereby

eliminating previous difficulties encountered when evaluating the f_.acture i!

toughness of the heat affected zone in weldments processed with a single-U

Joint design. The notch in specimens processsd with a U-Joint was located _-'I

!1_
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

in widely different microstructures, which varied from that representing the

high-temperature heat-affected zone at the face of the weld to unaffected

base metal at the root side of the weld. However, as indicated in Figure 1Z2,

the heat-affected zone of the square butt Joint was more uniform through the

plate thickness, and the test results more accurately define the fracture

toughness of the heat-affected zone.

The Joint configurations illustrated in Figure 131 were

welded with the plate material in the solution-annealed (1500°F for 1 hr) and

i aged conditions. Welds made in solution-annealed plate were subjected to

: single- and double-aging treatments at 900°F for 8 hr. Weldments made in

i aged plate were subjected to single-aging treatments at 900°F for 8 hr.This time and temperature were selected on the basis of the plate welding

evaluation to obtain a desirable combination of weldment tensile properties

I and fracture toughness, and are considered representative of the aging cycle

which could be used on the motor chamber.

t

The weld-joint configurations shown in Figure 133 were

used to simulate the repair of weldments. Typical repair-welding schedules
!

for the U and square-butt Joint configurations are shown below:

Wire Feed, Argon Gas,
Pas____s Amp Volt Welding Speed, in./min inr/min cu ft/hr

f Square Butt Joint Design1 130 ll 6 15 50

2 150 !i

3 175 ii
2 180 l0

5-12 200 i0

[" Single-U Joint Design
t

1 165 9 12 8 25
2-6 200 9.5 l0

,_ 7-13 200 i0 25
|: 12-19 220 i0 36

U
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

The original welds were made in solution-annealed base plate. Part of the

original welds were age-hardened at 900OF for 8 hr, while the remaining welds

were left in the as-welded condition. The original welds were machined as _

shown in Figure 133 and rewelded to simulate repair welding operations. The

simulated repair welds were then aged at 900°F for 8 hr. The Joint A -,

configuration was welded to determine if the tensile properties of the repair

welds were affected by locating the heat-affected zones to coincide with the

heat-affected zones of the original weld and if the tensile properties and

fracture toughness of the repair weld 2usion-zone diluted with weld metal

from the original weld were different from those of the original weld fusion

zone. The joint B configuration was welded to determine if the tensile

• properties of the repair weld were affected by locating one of the repair

weld heat-affected zones in the weld metal of the original weld. The square

butt repair welds made with Joints C and D were used to prepare specimens for

evaluating the fracture toughness of repair weld heat-affected zones that

were located to coincide with those of the original weld or were located in

the fusion zone of the original weld.

b. Specimen Preparation

Tensile, sis-notch-bend, and precracked Charpy impact

tests were used to evaluate the tensile properties and fracture toughness

of the weldments. The dimensions of the specimens are shown in Figure 13h.

The gage length of longitudinal tensile specimens we?'e oriented to consist

almost entirely of weld metal. The gage length of the transverse tensile

specimen extended across the welded Joint and included the weld fusion zone,

both weld heat-affected zones, and unaffected base metal.

!i_
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All fracture toughness specimens were ma_hined transverse

to the weld with the notch oriented through the thickness of the plate. Full

weld thickness (0.6-in.) precracked Charpy impact and slow-notch-bend specimens

were used. Most notches for heat-affected-zone fracture-toughness specimens were

located in the low-temperature portion of weld heat-affected _ones. To locate

the notches, specimen blanks were etched (Marbles etchant) and scribe lines

were drawn to represent the center line of the notch. The notches then were

machined to coincide with the scribed lines.

i The test specimens were machined and then age-hardened.

After aging, the surface scale formed on the tensile specimens was removed

i with abrasive paper, and the fracture-toug_mess specimens were subjected tocyclic stresses to form a fatigue crack at the root of the notch.

c. Testing Procedures

Tensile specimens were tested in triplicate for each
I

variable investigated. These tests were conducted in accordance with Federal

I Test Method Standard 151, using a strain rate of 0.005 in./in, to the yield
point. Stress-strain diagrams were used to determine the 0.2%-offset yield

strength. Elongation was measured over a 1-in. gage length.

The transverse tensile specimens were used to determine

the ultimate tensile strength and location of tensile failures in weldments.

Yield strength (0.2% offset), elongation, and redu_bion of area were measured

I on the transverse tensile specimens, but these data must be interpreted

cautiously since transverse weld tensile specimcn_ vary in thermal history

( and composition along the specimen gage length because of the pre_ence of

the welded Joint, The longitudinal tensile specimens were prepared to determine

i the yield strength and ductility of the weld metal. Data were required for bothtransverse and longitudinal tensile specimens to fully evaluate the tensile

properties of weldments.

Page i01 II ,i
_nlpjunun muuu_uumnun i 1

1967020705-122



Report NASA CR 72126, Appendix B
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Five SNB specimens were tested for each variable to

determine qualitative plane-strain fracture toughness (Gic and Kic) and

the effects of aging and welding sequence on this property. Six PCI specimens

were tested for each welding and heat-treatment variable to determine qualitatively

their effects on the plane-stress fracture toughness (Gc and Kc ) of weldments.

Duplicate PCI specimens were tested at each of three test temperatures (-hOOF,

room temperature, and +200°F) to establish relationships between fracture

toughness and tes_ temperature. The PCI specimens were tested on a subsize

impact-testing machine, which provides energy readings with an accuracy of

* 0.010 ft-lb in the low energy range of 1 to 5 ft-lb.

' d. Materials

All welding tests were conducted using 0.6-in.-thick,

Grade 200, 18%-nickel maraging steel plate from Republic heat 3920556. The

composition of this plate is within the range specified (AGC 3h315) for the ..

program and the tensile properties and fracture toughness of the plate are .!

discussed in other sections of this report. On the basis of these properties,

1heat 3920556 is considered to represent heats at the lower end of _he 200-

to 235-ksi yield-strength range, which generally exhibit higher fracture

toughness properties in comparison to heats representing strength leveis at _i
_J

the higher end of that yield-strength range.

Special Metals heat 3hh82 filler wire was selected ]

for the repair-welding program. This filler wire was purchased by Sun for 1

fabricating chambers for the 260-in.-dia motor progrsm. The composition of

this filler wire fell within the range of composition specified (AGC 34326)

for the progrsm, as shown in Figure 135. |_
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

e. Discussion of Results

(I) Effects of Double-Aging Treatments

Base metal and weldments adjacent to repair welds

made in age-hardened chambers wculd be subjected to a second aging cycle if

the repair welds were locally aged. The second aging cycle that these zones

would undergo would depend on their location with respect to the repair welds.

Areas immediately adjacent to the repair weld Lld be subjected to a second

aging cycle at 900°F for 8 hr, whereas areas at greater distance would be

subjected to similar temperatures for shorter times or to lower temperatures

for similar times.

,. seric_ of test_ uere performed to evaluate the

effects of the second aging cycle on the tensile properties and fracture tough-

ness of the base metal, weld metal, and weld heat-affected zones. An aging

cycle of 900°F for 8 hr was selected for this second aging cycle on the basis

of the aging-response data for parent-metal plate and weldments. At the 900°F

aging temperature, age-hardening increased in both the base metal and weld

metals with aging times up to 16 hr. Consequently, double-aging at 900°F

for 8 hr would result in maximum strengthening of the base metal and weld

metal. Since this strengthening was expected to be accompanied by a maximum

reduction in fracture toughness in the base metal and weldments, any detrimental

effects of double-aging treatment or improper repair welding procedures would

be more easily observed than in specimens processed by other representative

chamber-aging treatments.
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(a) Base Metal

Base-metal tensile specimens, oriented

longitudinally and transversely to the rolling direction, were subjected to

two aging cycles at 900°F for 8 hr to determine the effects of double-aging

treatments on base-metal tensile properties. As expected, additional age-

hardening occurred during the second aging cycle. _nis additional hardening

was reflected by an increase in the 0.2%-offset yield strength and ultimate

tensile strength of the base metal. As indicated in Figure 136, the increase

ranged from 4 ksi in the longitudinal orientation to 7 ksi in the transverse

orientation. Also, the yield strength after two separate aging cycles at

• 900°F for 8 hr was comparable to, or slightly exceeded, that observed when

a single-aging cycle at 900°F for 16 hr was used. Further, the elongation snd

reduction of area values observed after two aging cycles at 900°F for 8 hr were

lower than those observed after single-aging treatments at 900°F for 8 or

16 hr. Although the losses in elongation and reduction of area are not

considered significant to chamber performance, they indicate the possibility "i

of a change in age-hardening kinetics as a result of the additional heating

'tand cooling cycles involved in the double-aging treatment.

stren )I
as a result of double-aging treatments also was accompanied by lower PCI and

SNB fracture toughness. As indicated in Figures 137 and 138, the reduction _|

in fracture toughness was most pronounced in the transverse orientation, in

which yield strength increased most after double-aglng. The reduction in l!

fracture toughness in the longitudinal specimens was not considered significant, !I

since the changes were less than the scatter observed in individual test

of fracture toughness in the transverse orientation
results. The reduction

after the second aging cycle was comparable to that in the original weld

metal after a single-aglng treatment. Also, the critical defect sizes ||
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

associated with both the parent metal (double-aging) and the weldment (single-

aging) areas should be well within the detective capability of present non-

destructive testing techniques used in tne fabrication program.

(b) Weld Metal

Longitudinal-weldment tensile specimens, which

consisted primarily of weld metal deposited with 3hh82, filler wire, were

tested to determine the effects of double-aging treatments on the tensile

i properties of the weld metal. The results of these tests shown in Figure
139, indicate that no significant difference in properties was observed

' i between specimens subjected to single aging and those subjected to double
!

aging at 900°F for 8 hr. The PCI and SNB fracture toughness of the weld metals

if are listed in Figures 140 and l_l. The fracture toughness of the weld metalsalso was not significantly different after single- and double-aging cycles.

Cn the basis of these data, neither age-hardening nor overaging occurred in

I the weld metal during the second aging cycle.

I (c) Heat-Affected Zones
t

I PCI fracture-toughness data indicated that
overaging occurred in the weld neat-affected zones during the second aging i

cycle, but such an effect was not confirmed by the tensile and SNB fracture- _
I toughness results. As shown by the data in Figure lh2, evidence of possible

F• overaging during the second aging cycle was indicated by the increase in the

PCI fracture toughness of the heat-affected zone that was observed in specimens

subjected to two aging cycles. After one aging cycle, the average room
#

i temperature W/A value was 1675 in.-ib/in.2 as compared to a value of 2013

in.-lb/in? after the second aging treatment. Normally such a change in

fracture toughness also is accompanied by reduced tensile strength, which may
be _.Adence of overaging.
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i

Weld-Joint transverse tensile specimens were

tested to evaluate the effects of the second aging cycle on the tensile prop-

erties of the weld heat-affected zone. These properties were not affected

significantly by the second aging cycle, as shown in Figure 139. However,

all transverse tensile specimens failed in the weld metal, so that the tensile

strength of the weld heat-affected zones were not overaged sufficiently to

cause failures in these zones in preference to the weld deposit. Also,

changes in PCI fracture toughness normally are accompanied by similar, but

less pronounced, changes in SNB fracture toughness. As shown in Figure lh3,

significant changes were not observed in the SNB fracture toughness of the

heat-affected zones as a result of the second aging cycle: therefore, it

, cannot be stated conclusively that the properties of the heat-affected zones

were not altered by the second aging cycle. However, all test data indicated

that the properties of these zones were not impaired by the second aging cycle

and that double-aging treatments at 900°F for 8 hr should not produce a

detrime1_+_l effect on chamber performance.

In view of these test data, double-aging

treatments at 900OF for 8 hr did not seriously impair the properties of the

weldments that were evaluated in this program. Increased base-metal tensile

strength and reduced base-metal fracture toughness in the transverse orienta-

tion were the maJo_- effects that were observed. Because of these changes,

the critical flaw size of the base metal in the transverse orienta*i,_n was

reduced to a value below that of the weld metal after a single aging treatment.

These effects are illustrated by the data in Figure l',h, which als. show that

the difference between the critical flaw size of the weld metal and double- lifJ
aged base metal is not large enough to cause concern, since both should be

detected with the nondestructive testing techniques used in the program.
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However, the maraging-steel base plate

(heat 3920556) evaluated in this stuff is considerea _presentative of the

relatively low-strength (200 to 220 ksi yield st:'ength) heats purchased under

AeroJet specification AGC 3h315 for use in fabricating large-diameter rocket-

motor case components. If a high-strength heat (220 to 235 ks_ vield strength)

had b,_en evaluated with comparable results, the increased tensile strength and

reduced fracture toughness that resulted from the double-aging treatment would

reduce the critical defect size.

I (2) Repair Welds in Aged Plate

| _:mulated repair welds following he_.t treatment

{ were prepared by aging test plates from heat 3920556 at 900°F for 8 hr prior

to welding. These test plates were welded with heat 07h95 filler wire and

the single-U Joint configuration; and 3hh82 filler wire _d the square butt-

Joint configuration (Figure 131). Transverse tensile specimens were machined

I from the single-U weldmen_s and heat-affe=ted--zone fracture-toughness specimens

were machined from the square, butt weldments. These specimens were reaged at

900°F for 8 hr prior to testing to simulate aging the repair weld.

m

I The weldment transverse tensile properties and thefracture toughness of the heat-affected zone were evaluated to determine if

, aging treatments prior to welding affected the properties of the weld heat-

I affe, ted zones. As indicated in Figur_ 145, the tensile specimen_ failed in

the weld metal so that tne tensile strength of the weld heat_affected zones

I was not determined. However, these tests showed that the ultimate tensile

strength of the weld heat-affected zones exceeded that of the weld metal and

[ was comparable to that obtained for the base metal after double-aging treat-

ments at 900°F for 8 hr.
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.) I

The PC[ and SNB fracture toughness of the repair- I
m

weld heat-affected zones produced in aged plate did not show significant changes

from the properties of weldm_nts produced in solution-annealed plate. As I

|shown by the data presented in Figure lh6, the average PCI fracture toughness

of the repair-weld heat-affected zone in aged plate was about 60 in.-ib/sq I

in. lower than that of similar heat-affected zones in solution-annealed plate, j

but this difference is less than the scatter observed in individual test

results. Likewise, slightly lower fracture toughness, which also was less

than the scatter of individual test results, was observed in SNB fracture-

toughness tests of the heat-affected zones in aged plates, as shown in Figure _I

lh7. On the basis of these tensile and fracture-toughness data, repair welds _"

in aged plate exhibit tensile and fracture-toughness properties equivalent to I
|

those of welds made in solution-annealed plate, provided that both welds are

subjected to similar aging treatments after welding. However, the base metal

adjacent to the repair weld is subjected to double-aging treatments, and the

increased tensile strength that may result from this double-aging treatment

of the base metal may prove to be of greater significance than the effects i!
lj

of aging the plate before welding, particularly if the plate material exhibits

tensile properties in the higher range of the specified yield strength (200 _

to 235 ksi).

(3) Repair Welds in Aged Weldments

Simulated repair welds in aged weldments were

prepared with the Joint configurations shown in Figure 133. The original

welds were made with the plate in the solution-annealed condition. Subsequently, II

some of the original welds were machined and repair welded in the as-welded

condition, while the remaining weldments were aged (900°F for 8 hr) before

machining and welding to provide comparative data for evaluating the effects

of aging the weldments prior to repair welding. All of the simulated repair
Uwelds were aged at 900°F for 8 hr.
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V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.)

As indicated by the data shown in Figure lh8, the

simulated repair welds exhibited comparable transverse ultimate tensile

strengths regardless of whether the repair was made before o_ after the original
weld was aged, or whether the repair-weld heat-affected zones coincided with

those of the original weld (Joint A in Figure 133) or were located in the weld

L metal of the original weld (Joint B in Figure 133). Also, these tensile

properties were similar to those observed in original welds that were depos_tcd

in solution-annealed plate and aged at 900°F for 8 hr after welding. These

data do not indicate if the tensile properties of repair-weld heat-affected

zones that coincided with the original heat-affected zones were affected by

the aging sequence, but do show that the ultimate tensile strength of heat-

S affected zones that are located in the weld metal was equal to or greater
than that of the weld metal.

i Be specimens that had the repair-weld heat-

affected zones located in the original weld metal exhibited slightly lower

yield strengths and slightly higher elongation in comparison to specimens with

the repair-weld heat-affected zones located in the original-weld heat-affected

zone. This slight difference is attributed to (i) the wide weld-fusion zone

(Joint B in Figure 133) in these specimens, and (2) the localization of

l plastic strain in the fusion zone, as evidenced by the location of weld tensile
failures. Therefore, the combination of a wider fusion zone with localized

plastic strain would be expected to cause reduced yield strengths and increased

I elongation.

The fracture toughness of the heat-affected zones

of the simulated repair welds showed an effect due to aging the weldment before

i repair. However, the effects were not consistent in all tests. Consider

first the test results for specimens representing the weld heat-affected zones

I that w_e located to coincide with the heat-affected zones of the original

!
Page 109

!
I i i a m I |

1967020705-130



F

Report NASA CR 72126, Appendix B

V, B, Evaluation of Selected Weld Filler Wire and Weld Process (cont.) -

weld (Joint C in Figures lh9 and 150). The PCI fracture toughness of heat- "

affected zones in these welds was higher when the original weldments were

aged before repair than when they were repaired in the as-welded condition, iJ

UThis change correlates with that observed in studying the effects of double-

aging treatments (Figure 142). However, the SNB fracture toughness of similar
[I

weld heat-affected zones showed the opposite effect; namely, reduced fracture _t

toughness when the original weld was aged before it was repaired. This latter

effect corresponds to the change observed in double-aging the base metal in _
--J

the transverse orientation (Figure 138). The reason for the two different

trends observed in fracture to_Thness data cannot be explained on the basis

of metallographic examinations -_ , hardness surveys that were conducted on

the welded Joints. However, the change in SNB fracture toughness is considered

to be of greater significance than the changes in PCI fracture toughness

because of the thickness of the materials that are used in the large-diameter

rocket-motor cases, i

7!
When the

repair-weld heat-affected zones were _I

located in the weld metal of the original weld, aging before repair resulted

in lower PCI fracture toughness than when the repair weld was made with the il

original weld in the as-welded condition (Joint D in Figure 149). Also, •

lowerSNBfracturetoughnesswasobservedunderthesesameconditions (Figure I!150), although the change was not large enough to be significant.

(_) Effects of Weld-Metal Dilution lJ

As shown in Figure 135, the compositions of the |J

filler wires used to weld the maraging steel are similar to those of the base

metals, except for titanium content, which may be considerably higher in the a
U

filler wire than in the base metal. Because of these differences in alloy

content, variations in alloy content may occur in making repair welds, depend-
Ding on their location in base metal or weld-metal _u_eas of the weldment.
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The composition of the weld fusion zone of original
welds in maraging steel plate was a function of the amount of base metal that

was melted and the filler metal that was added, less _ny loss in alloy contentthat occurs from vaporization in the arc or gas metal reactions that occur

during welding. The composition of repair-weld fusion zones, which are

I! deposited in the fusion zone of the originalweld, is a function of the

composition and amount of original weld metal that is melted and of filler

metal that is
added.

Although composition variations were expected to be
minor with the combination of base metal and filler metal evaluated in this

program, tests were conducted to determine if the tensile properties and frac-ture toughness of the repair-weld fusion zones deposited in the original weld

differed from those of the original-weld fusion zone. For thes_ tests, simu-

lated repair welds deposited in the Joint A configuration (Figure 133) were

evaluated after one aging cycle at 9O0°F for 8 hr. The tensile properties and

toughness of the repair-weld metals are listed Figures 151 to 153.
fracture in

As expected, the properties of the repair-weld metals do not vary significantly

li from those of the original welds after similar aging treatments. The properties
of original weld metals are listed in Figures 139 to lhl.

With the attainment of yield strengths within the

specified range, SNB fracture toughness is the most important criterion for

evaluating repair-weld procedures because of its relationship to the critical

flaw length that must be nondestructively detected. Figure 15_ summarizes the

I! plane-strain fracture toughness data and corresponding critical flaw lengths
representing the various conditions encountered in repair-welding age-hardened

chambers. Two conditions reduced plane-strain fracture toughness: (i) double-
aging treatments (900°F for 8 hr) for the base metal in the transverse orienta-

tion, and (2) repair welding age-hardened weldments so that the heat-affectedzone of the repair weld coincided with that of the original weld or was located

in the weld fusion zone.
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However, the reduction in plane-strain fracture

toughness observed with the base metal-filler metal combination used in the

program was not considered serious because the resulting critical flaw |
!

lengths should be detectable by available nondestructive inspection techniques

(magnetic particle, X-ray, dye penetrant, and ultrasonic). Also, it was _

significant to note that these SNB fracture toughness data were considered to !

be qualitative and conservative, in that the fracture-toughness (Gic , Kic )

values and critical flaw sizes were less than those which would be indicated

using valid, quantitative, plane-strain, fracture-toughness, part-through-

crack tensile-test specimens.

However, if similar effects had been encountered

with higher-strength base metals, weld metals at the high end or in excess of

the yield strength range specified, the decrease in critical flaw size could

become a concern.
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f VI. EVALUATION OF THE EFFECTS OF COLD FORMLNG ON THE TENSILE AND
FRACTURE-TOUGHNESS PROPERTIES OF PLATE

_i This phase of the material and process evaluation program was initiated

to determine the effects of cold forming on the tensile and fracture-toughness

L properties of grade 200, 18%-nickel steel. This program ensured an under-

standing, before the start of fabrication, of the behavior of the 18%-nickel

steel when subjected to severe, cold press-forming. This evaluation was

originated particularly to evaluate alloy-segregated or banded material.

However, th_ grade 200, 18%-nickel steel produced with the vacuum-arc remelt-
ing process did not produce banded material on this program. This task is

I reported in Reference (9).

i A. MATERIAL UTILIZED

Lukens plate R-6OO-IA, a section of which is shown in Figure 155,

I was formed into an aft-head gore section for the first PETV. The gore was
rejected for use on the PETV because of a forming defect.

The plate was rolled from a hl.5- by 60- by 6-in. slab, which was

cut from the middle of a 118- by _1.5- by 6-1n. slab that was forged floraa30-_n.-dia vacuum-arc remelted ingot. The plate was finished to a size of

25_ by 61 by 0.610 in. and was annealed at the mill at 1500°F for 1 hr. The

mill-certified chemical analysis for this plate is listed in Figure 156.

Plate mechanical properties are tabulated in Figure 157.

_ The gore segment was cold-formed by holding it on female dies and

pressing it with male dies 568 times with forces up to 2000 tons. Two dif-ferent hydraulic presses_ one rated at 2000 tons and the other at 200 tonss

were used. Break I preform_ and finishing dies in e_ht different operations_
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q

some using wooden shims, were used. The straight flange portion of the gore

was formed in four operations using 88 presses. The configuration of the

gore is shown in Figure ].58. A joggle defect was created when, during the

straightening of the flange, the gore was struck by the edge of the die about

8 in. from its bottom and 10-3/4 in. from the right side, as shown in

Figure 158. The maximum reduction in thickness resulting from cold-forming

was 13.7%, and the nominal plastic strain formed by the spherical radius was

about 2%.

C. SPECIMEN PREPARATION AND TESTING PROCEDURE

i. Tensile Specimens

After sectioning the gore, as shown in Figure 158, 12 tensile

spec_ . were machined by Lehigh Testing Laboratory. Six tensile specimens

were cut from each section, three in the longitudinal orientation and three

in the transverse orientation.

!

To meet the specimen tolerances_ moderate straightening of
i

the specimen blanks was required. All machining operations were performed in

such away as to ensure that the material was not excessively heated. The

samples, machined to the configuration shown in Figure 159, were then sent to

Sun Oil where the samples from Section A were maraged for _ hr at 900°F in a .

calibrated convection furnace (+5°F). The samples from Section B were

re-solution-annealed for i hr at 1675°F and then maraged for h hr at 900°F.

After completion of maraging s the tensile specimens were tested on a |
!

120,O00-1b Piehle universal hydraulic tensile machine at a strain rate of

0.010 in./tn./min to the yield point, l

The test area temperature range was 7_ to TS°Ywith s rela- |

rive humidity of 50 to _%. [

I
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_i VI, C, Specimen Preparation and Testing Procedure (cont.)

2. Slow Notch Bend Specimens

Ten S_B specimens (five longitudinal and five transverse) and
three longitudinal calibration bars were machined from both Sections A and B

at Sun's Wetherill Plant to the configuration shown in Figure 159.

The samples were then sent to Sun Oil where samples from

Section A and the calibration bars were maraged for 4 hr at 900°F; samples

from Section B were re-solution-annealed for 1 hr at 1675°F and maraged for

I 4 hr at 900°F. The test specimens were fatigue-cracked at the Vertol Division
of The Boeing Company using a Sonntag SF-1U universal fatigue-testing machine

I with a bend fixture attached. After fatigue cracking, the specimens weretested at a rate of deflection of 0.020 to 0.025 in./in./min on a Riehle

i testing machine, with a three-point bending fixture. Load and deflectionwere autographically recorded for each specimen. The test temperature was

77°F and the relative humidity was 56%.

3. Precracked Impact Specimens

E
From both Sections A and B, 18 specimens (six longitudinal,

six transverse, and six short transverse) were machined by Sun in accordancewith the dimensions shown in Figure 159. The specimens from A were maraged

by Sun Oil for & hr at 900°F. The specimens from B were re-solution-annealed

_. for i hr at 1675°F prior to maraging for 4 hr at 900°F and were then fatigue-

cracked to a nominal crack depth of 0.020 in. and tested on an impact machine

1i at Manlabs, Inc.

U

U
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VI, C, Specimen Preparation and Testing Procedure (cont.)

4. Macrosection of Joggle

a. Macroetch i

A section of the gore, 2-5/8 by 3-5/8 in. by plate

thickness, which contained _he Joggle, was macroetched using the procedures

of ASTM-A317-5_ with a solution consisting of 50% hydrochloric acid and 50%

water at a temperature of 160 to 180°F. The plate section is shown in

Figure 160.

b. Microhardness Traverses

Five microharduess traverses were made as shown in

Figure 161. On each traverse, 10 microhardness readings were made using a

Knoop hardness tester (500-gm load). The sample was then maraged at 9OO°F

for 4 hr, and hardness readings were retaken.

D • RESULTS

1. S_ecimens from Cold-Formed and Maraged MAterial
i

i The specimen results of the cold-formed and maraged material
i are shown in Figure 157. The tensile strength of the formed material was

9 ksi lower than that of the parent plate for the longitudinal direction and

6 ksi lower than that of the parent plate for the transverse dir?etion.

Although the specimen_ from the gore were taken from the top one-fifth of the

plate and the specimens of unformed material were removed from the bottom end,

the difference in strength could not be attributed to the difference due to !t
location in the plate. Tensile data from the top end of the plate showed a

maximum difference of on2_ 2 ksi (Figure 156) co_pared to specimens from the II
|J.
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VI, D, Results (cont.)

bottom end of the plate. The strength
difference in from transverse to

longitudinal orientation was 7 ksi for the plate material and lO ksl for the

I_ formed material.

_ The plane-strain fracture-toughness values for the formedmaterial were not appreciably different from the values obtained for the

i parent plate. The longitudinal orientation had values of Gnc that were about15% lower for the formed plate than for the as-zecelved material. The value

for the transverse direction was about 10% higher for the formed plate than

[ ,for the as-recelved material.

The plane-stress f_cture-toughness values (W/A) at room
temperature were comparable for the parent plate and the formed material.

At the lower test temperature, the formed material W/A values were well belowthose of the parent plate. In general, the formed material did exhibit lower

toughness at a lower strength level, but this difference was not considered

_ significant.

2. Cold-Formed Material Annealed Prior ,Specimens from

to Mara_in_

11

lJ As shown in Figure 157, the tensile strength of the annealed

and maraged specimens was 6 ksi lower for the longitudinal orientation and

13 ksi lower for the transverse orientation than in those specimens which

were directly maraged. Strength directionality was reduced to 3 ksi as com-

pared to 7 ksi for the plate. The microstructure of the formed material
which was annealed prior to maraglng was full_ recrystallized (Figure 162).
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Vl, D, Results (cont.)

The values for plane-strain fracture toughness were the same

as those for the samples which were maraged directly. From these data3 it

was concluded that solution-annealing prior to aging was not required to

restore toughness to cold-formed plate material.

i
The plane-stress fracture-toughness values (W/A) were com-

parable to perent-plate values. The formed material did not show as large a

difference between longitudinal and transverse vsOues as compared to parent

plate or aged specimens. Although the W/A level of the annealed and aged q

specimens was above that of the aged specimens, this was attributed mainly

to the difference in strength.

3. Joggle

An examination c. Figure 160 shows that the flow lines alter

their path in the region of the joggle for the entire thickness of the plate.

Work-hardening would be most pronounced in the region of these disturbed flow
lines. The results of the hardness traverses do not give _ indication that

work hardening had taken place in this localized area. It can be seen in

Figure 161 that traverses were from regions of undisturbed grain flow.

4. Conclusions i

The cold-formed segments of the 260-SL cases would be worked

about one-seventh as much as the material studied in this evaluation. There-

foreI It was concluded tlmt cold-forming would have a very minor influence on

the strength and toughness of the formed materials and annealing was not

• required following forming. |i
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!_ VII. EVALUATION OF STRAIGHTENING WELDED JOINTS

Cold-straightening of welded joints was used as a means of ensuring
that the cylinder and skirt longitudinal welds of the chamber met the speci-

fled diameter and contour requirements. This method was preferred to the
alternative approach of building massive fixtures in an effort to prevent

distortion during welding.

I.
Equipment was available at Sun in the form of a vertical flanging

I press to be used with a 130-in.-radius die where welded se_ns could be

pressed to contour (Figure 163). This facility was used for both of the

PETV cylinder sections and for all 260-SL shell and skirt sections.

This evaluation was undertaken prior to initiating fabrfnation toexamine how cold-straightening of welded joints affected the strength and

notch toughness of the final maraged weldment. This evaluation is reported

in Reference (i0).

I! A. PROCEDURE

[_ Three 8- by 13-in. weld test plates were prepared, using Lukens
plate R-6OO-1A and Special Metals 34481 weld wire. The 13-in.-long welds

were ground flush and inspected for defects in accordance with production
program requirements. The plates were then cold-formed to an 18-in. cylin-

drical radius, using dies from the 36-in. PETV fabrication. This forming]

produced about a 2% permanent strain in the plates in the direction of the

welds. This radius was then flattened in steps to cold-straighten the weld
i
f seam. This latter pro_ess was more severe than any straightening required in

production.

Tensile, SNB, and PCI specimens were machined from the flattened

plates at Sun Shipbuilding and maraged together at the Sun Oil laboratory.
No annealing steps were _ncluded since these were not used in production.

I

]
I

Page 119 I] -

1967020705-140



)

Report NASA CR 72126, Appendix B 1

s

VII, A, Procedure (cont.) _

The tensile specimens were then tested in a 120,O00-1bf Riehle universal _'_

testing machine at Sun Oil, while the impact specimens were sent to I_nlabs, --

Inc., for fatigue cracking and testing. The bend specimens were fatigue Ucracked at the Boeing Vertol Division and tested at Sun Oil. Five calibra-

tion bars, representing the weld deposit and the heat-affected zone, were

also tested. The fatigue cracks in the SNB specimens were very irregular [I

because of poor cracking technique. However, the results shown in Figure 104

indicate that the data are valid. _+i:

B. RESULTS "i
i!

As shown in Figure 164, the weld-joint yield-strength values .

compared very closely with those of flat weld plates. An increase of only _J

1 ksi from 209 to 210 ksi was noted, and this was not considered significant.

]
The longitudinal, weld-metal-only tensile specimens did show an

increase of about 20 ksi, increasing from 205 to 225 ksi (Figure 164). This I

was expected, since the 2% strain was formed along this axis. If the plate

were formed across the joint, an equal amount of cold work could be expected. I

The fracture-toughness values, both SNB and PCI, correlated very l

closely with those of flat weld plates, as sh_ in Figure 165. Again, I
°

data were not unexpected, _ince the maJ_strain was not in thethese

direction of the joint. The SNB and the PCI specimen data are shown in I

Figures 166 and 167, respectively, and the comparison data were taken from

the referenced reports. It was concluded that straightening a weld along g

the weld axis had no significant effect on the strength or notch toughness

of the weldment.

II

U

U
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r viii. MARAGING SYSTEM DEMONSTRATION

I The 30-ft-dia, 95-ft-high, maraging heat-treatment furnace used in the
260-in.-dla motor program was fabricated specifically for use on this program.

I The design concept also provided the versatility for maraging small parts, such
as the motor nozzle shell, and the flexibility of expansion to marage full-

|- length motor chambers. As shown in Figure 168, all components of the furnace

| shell and ducts are segmented for flexibility of shortening or lengthening the#

furnace. In addition, all aspects of the furnace were desired to be compatible

_ with the 280-in.-dia mild-steel chamber fabricated by Sun Shipbuilding.

_ The demonstration was undertaken to show that the maraging system had
the capacity, controllability, and working-zone temperature distribution to

_Ii successfully marage the fabricated motor components. In addition to system
U

design evaluation, the demonstration permitted an investigation of operational

procedures and characteristics of the furnace and thorough training of opera-tions and data-collection personnel. The complete results of this maraging

demonstration prog_.am are presented in a report prepared by the Sun Shipbuildingf_

I! and Dry Dock Co., Reference (ii).

[ A. MARAGING SYSTEM DESIGN

1. Air Flow Distribution

The maraging system was designed to circulate the heated airover only the exterior surface of the chamber. The motor chamber was installed

on the maraging-stand support ring forward-end down. A deflector covered the

nozzle opening to streamline the air flow entering the top of the furnace and

to prevent the heating air from circulating inside the chamber.

The maraging-furnace wall (chamber enclosure) was fabricated

from corrugated steel plate and consisted of a base section, four center sections,

H
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VIII, A, Maraging System Design (cont.)

q

and a dome. Heating air was delivered at the top of the furnace through a

6-ft-square duct. The motor components were heated with reclrculated clean

air that was free of combustion products, i

Turning vanes and air deflectors were installed to deflect r

approximately 50% of the heating air into the stagnation areas between the !

skirt interior and head exterior in the area of the forward and aft Y-rings.

An air deflector was also installed under the forward head to ensure even

heating along the full length of the forward head.

The heating air entering the top of the furnace passes in

the annulus between the chamber and furnace enclosure to the forward head

through slotted openings in the chamber support rings. The air was then

ducted out of the bottom of the furnace for recirculation.

2. Fan System

The heating air was circulated through the system with three

Garden City Fan and Blower fans. Each fan was capable of operating at lO00°F

and delivering 75,000 cfm at 885 rpm, providing a total system capacity of

225,000 cfm. Each fan was driven by a 150-hp electric motor.

3. Heat Exchanser I
!

The heat exchanger is the single-shell-pass, single-tube-pass

concept with 655 sq ft of heat exchange area. The combustion gas made one pass

through the fire tube and was discharged to the atmosphere. The heating air

made one pass over the fire tubes. The primary heat-transfer mode was gas

radiation. The heat exchanger operated at approximately _5% efficiency, which

resulted in a maximum-capacity output of appromimately 10.8 million Btu/hr.

Pqe 122
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• Vlll, A, Maraging System Design (cont.)

The heater is a natural-gas-fired tube boiler with 22 fire

tubes. Each tube, l0 in. in dia and approximately 10.5 ft long, was rated at

i 1 million Btu/hr; hence, the boiler dcsign was rated at 21_ million Btu/hr. ;

B. FURNACE DEMONSTRATION RUN

!

The 280-in.-dia mild-steel chamber, fabricated by Sun prior to the

start of the 260-in.-dia motor program, was positioned on the maraging support

ring. The chamber enclosure, ducts, and air deflectors were installed in

accordance with the design requirements for maraging 260-in.-dia motor

components.

-_-_ 1. Test Instrumentation

q
Seventy-eight thermocouples were attached to the inside and

outside of the chamber along four rows, as shown in Figure 169. These thermo-

couples were used to determine, in detail, the temperature distribution within 1

the furnace and along the chamber.

T

Readings from the thermocouples were taken on three direct-print-

out recorders. All of the recorders and thermocouples were calibrated at 900°F;
the recorders showed less than 2°F deviation, and the thermocouples less than

5°F deviation. _le recording-chart accuracy was around 5°F, so that corrected
readings were not required.

T
2. O_erational Procedure

a. The furnace inlet temperature entering the top of the

furnace enclosure was increased to 750°F. The furnace damper system and gas-

valve control were automatically adjusted by the furnace control system to

maintain a &5°F temperature differential between furnace inlet and outlet

L
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VIII, B, Furnace Demonstration Run (cont.) il

temperatures Thermocouples were monitored to ensure that the temperature.

spread in the steel parts of the chamber did not exceed 200°F.

b. When the furnace inlet temperature reached 750°F, the U

furnace controller was switched to maintain an inlet te:@erature of 750°F and f)

was held at this temperature until the temperature of the steel parts reached L1

750 + 30°F. The purpose of this step was to reduce the temrerature spread in

the steel parts before heating the _rnace to the maraging temperature.

)

c. After steel parts had reached a temperature of 750 _ 30°F, 1
the furnace controller was again switched to AT control, set at 60°F. All 2_

burners were fired for the maximum output increase to the maraging temperature !!
of 900°F. _I

d. When the furnace inlet temperature reached 900°F, the !!

furnace controller was switched to maintain that inlet temperature. The number

of burners in operation was reduced so that the remaining burners would operate ii

at optimum performance to maintain the 900°F inlet temperature.

_J

e. The furnace was operated in this stabilized condition to }!

maintain the 900OF for the 8-hr maraging cycle. The 8-hr hold period began IJwhen all thermocouples attached to the chamber recorded temperatures above 850°F.

f. At the end of the 8-hr period, the furnace controller ,!I

was placed in the normal cool position with the furnace AT set at 75°F. All

main burners and 18 of the 2_ pilots were shut off. The manual damper in the I_
EJ

fan inlet duct was opened and the controller was switched to automatic.

g. The system was held stabilized at 600 + 50°F for 1 hr U

to reduce the temperature gradient within the furnace, rl

U
Pap 12_
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KI VIII, B, Fu_'naceDemonstration Run (cont.)

I h. The remaining six pilots were shut off. The three fans

were operated at 85% of available horsepower to cool the furnace to 200°F,

_i at which point the furnace was shut down.

I_ The maraging demonstration was uneventful with respect to- the established procedure. To evaluate the controllability of the furnace-

inlet air temperature, the inlet air temperature was increased 5° during the

I_ stabilized portion of the cycle at 900°F by a simple adjustment of the tempera-

ture controller and a subsequent slight readjustment. The increase to 905°F

can be seen in the furnace temperature-time profile. The maraging system was

very stable and controllable throughout the entire cycle.

Inasmuch as effective maraging of the 18%-nickel steel

occurs above 900°F_ the time required to heat from 750 to 900°F and to coolfrom 900 to 750°F was reduced to the minimum possible. All 22 burners were

i operated at maximum capacity to raise the furnace temperature to 900°F. Thefurnace inlet air was stabilized at 900°F after approximately 2 hr, demon-

strating an acceptable response. The total elapsed time to reach the

i stabilized maraging temperature of 900°F was approximately i0 hr.

As the inlet air temperature approached 900°F, the number
of burners operating was gradually reduced to avoid passing the 900°F range

and to yield a smooth transition into stabilized operation. This operationwas performed with a great degree of controllability and can be seen in

the inlet air and steel-part temperature response plotted in Figure 170.

The furnace was operating with 20 burners at 75% capacity Just prior to

stabilization and was further reduced to 14 burners at 75% capacity after

approximately 2.5 hr. Furnace operation was reduced to 13 burners operating
at 75% capacity after 4 hr of stabilization. After completion of the

U stabilized portion of the cycle, the chamber was cooled to 700°F in app_-oxi-
mately I.5 hr.

!
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VIII, B, Furnace Demonstration Run (cont.)

3. Furnace Performance J

The maraging system maintained a working-zone temperature }I
_ |

spread of less than 30°F (inlet temperature minus outlet temperature)

throughout the stabilized position of the cycle. I!
L_

Figure 171 shows the maximum and minimum case temperatures

recorded during the maraging portion of the cycle. The maximum recorded _

temperature was 915°F, and the minimum temperature recorded was 850°F.

However, the case temperature range over most of the maraging cycle was

around 40°F (870 to 910@F). During maraglng, the highest temperatures were

recorded in the interior of the aft skirt and the lowest temperatures in the i

interior of the forward skirt at the Y-rlng. Sample material from three plates

intended for ,,seon the 260-SL-I chamber were placed in the furnace to f_

evaluate 18%-nickel steel plate maraged in the furnace. |_i

Figure 172 shows the greatest case temperature differences !I

over the entire chamber for the complete heating, maraglng, and cooling cycle

time of 19hr. During heat-up to 750°F, differentials as large as 175°F were _

_t

observed. In rising from 750 to 900°F, differentials as high as 125°F were

recorded.

Figures 173, 174, and 175 show, for inside and outside |I
IIchamber positions, temperature distributions in circumferential and longitudinal

chamber orientations. The Y-Joint areas showed the largest circumferential [J

temperature differences. Figure 173 shows the forward Y-Joint temperatures II

Ik!

li!
m
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[ Vlll, B, Furnace Demonstration Run (cont.)

I (bottom of furnace). These values were between 870 and 880°F during the
maraging period. Figure 174 shows the temperature differences for the aft

Y-joint (top of furnace) and values during maraglng ranged between 880°F and

I. 900°F.

lj The maximtmltemperature differences observed were longitudinal

along the case, as shown in Figure 175. These values range b_ween 870 and

900°£ for the maraging period and are due mainly to a generally decreasing
air temperature proceedin6 down the chamber resulting from heat losses

[ through the insulation. Thermocouples in both the forward and aft skirt areas
read close to the upper temperature range, and temperatures of approximately

I_ 91OOF were recorded in the aft skirt area (top of furnace).

It was concluded from the maraging demonstration that the

maraging system had the degree of controllability and the performance character-

istics required for maraging the production motor components. Also, the

I temperature distribution within the furnace was within the requirements
expected for maraging the components.

f
C. EVALUATION OF SPECIMENS MARAGED WITH 280-IN.-DIA CHAMBER

Three small test plates were placed near the bottom of the furnace

inside the chamber forward skirt to provide information on the actual aging

U response of Grade 200 18_-nickel steel during the maraging demonstration.

Laboratory testing of the specimens machined from the test plates resulted

in yield-strength levels in excess of values obtained with laboratory maraging
of the same heats of material. Maraging cycles were nominally 90OeF for 8 hr

I in each case.

I
I
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VIII, C, Evaluation of Specimens Maraged with 280-in.-dia Chamber (cont.)

The test data from the three heats of material are compared below.

These three plate heats were used in the fabrication of the 260-SL-1 motor

chamber.
280-in.-dia Motor

Plate Laboratory Maraging Demonstration Difference

25000-6A (M) 221 Yield Strength, ksi 238 17 _i

25000-6A Weld 211 224 13

24997-]I (B) 234 245 ii
J

3960819-B (EE) 216 228 12 '

Toughness (W/A),
25000-6A 655 in. ib/sq in. 623 32

24997-]1 583 502 81

3960819-B 1124 838 286

The strength increase observed was of some concern since the

increase would likely result in many of the plates used in fabrication

exceeding the specified 235-ksi maximum yield strength. In addition, any

strength increase was undesirable because of the tendency to reduce fracture
toughness.

;I
It was felt that the strength increase in the maraging demonstra-

tion was associated with the time required to reach maraging temperature |l

(approximately 10 hr) and the time to cool frcm maraging temperature (approxi-

mately 2 hr). The specimens maraged in the laboratory were in a 900@F pre-

i'heated oven and were air-cooled after maraging. _!

D. ADDITI_AL TESTING TO EVALUATE THE STRENGTH INCREASE li•

Two test programs were initiated to more clearly understand the It
_)

material properties that could be expected after marag_ng the motor components

(additional material characterization) and to understand to a limited degree fl
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F VIII, D, Additional Testing to Evaluate the Strength Increase (cont.)

I the charactelistic behavior of the material to certain variances in themaraging cycle (supplemental investigation).

i. Additional Material Characterization

I a. Materzal

I The material selected for additional characterization
of material properties to be expected with the actual maraging cycle included

I_ the high-strength, lower-toughness material and the lower-strength, high-tou,._nnessmaterial. The material selected for evaluaticn is shown in

I_i Figure 176.
b. Results

(i) Strength Properties

I The maraglng cycle used in the laboratory for this

study was a 100°F/hr heat-up, 90oOF for an 8-hr hold, and a 250°F/hr cool-

down, for a total elapsed cycle time of approximately ?-9hr. This laboratory

cycle was chosen on the basis of the maraglng cycle expected to be used fo_

the chamber.
260-SL-1

The results of the strength data e:aluation is
tabulated in Figure 177. Yield strengths for tDe original 900°F for 8-hr

E material chexacterization laboratory maraging cycle are also tabulated inFigure 177 for purposes of comparison.

A comparison of the yield strengths for the two

maraging cycles showed that the complete profile cycle increased yield strengths

from 6 to 17ksi. The yield strengths for plates A, B, and C were above the

235-ksi maximum limit.

Page129
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VIII, D, Additional Testing to Evaluate the Strength Increase (cont.)

I
The ductility measured on these plates was |

satisfactory with elongation of 10% or higher and reductions in area of 49%

or higher, l I

Because of the notch location, the long-time

maraged impact specimens failed in the weld metal. Thus the average W/A i 1

value of 912 in.-lb/sq in. does not correspond to the low measured yield

strength, which was based on weld heat-affected zone failures. However, the .]

similarity of the W/A values for the seven-time-repaired specimens and the

one-time-repaired specimens indicate that the manual-weld-deposit toughness [

was not affected by multiple repairs. |4

(2) Slow Notch Bend Data i

The plane-straip fracture-toughness (Gnc) values i _

for the 260-SL-I material maraged at the complete time profile cycle are

tabulated in Figure 178 along with comparative original material character- _

ization data. As anticipated fram the strength data, the fracture toughness

for the full profile cycle generally was lower than that for the material _|

characterization heat treatment. However, the largest reductions in toughness

were observed on the material which had the higher toughness initially and |I
could best afford the loss. The largest reductions in Gnc, amounting to 30%, [}

were observed on plate C. This plate increased to 14 ksi in yield strength

for the full profile cycle. The four plates showing the lowest initial il, _

toughness, i.e., plates A, B, M, srd P, suffered no measurable loss in

toughness. I!

The 63343automatic welds also decreased 30% in i]_ ltoughness. This reduction was coupled with a 13-ksl increase in strength. ()

[t I
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VIII, D, Additional Testing to Evaluate the Strength Increase (cont.)

(3) Discussion and Conclusions

The additional characterization covering the

extremes between high-strength, lower-toughness material and low-strength,

high-toughness material used in fabrication, resulted in a maximum strength

increase of 17 ksi and a maximum yield strength of 242 ski (9 ksi above the

maximum specification limit). Plate of this strength level resulted in a

plane strain fracture toughness value (Gnc) of 188 in.-ib/sq in. This

combination of maximum-strength and lowest-toughness characteristics,

resulting from the complete profile maraging cycle, was considered accept-

able for the fabricated motor component. It was recognized, however, that any

reduction in fracture toughness properties of the material was not desirable.

2. SupPlemental Investigations

The supplemental testing was initiated to evaluate, to a

limited degree, the behavior of the Grade 200, 18%-nickel steel to variances

in the maraging cycle temperature-time profile that could occur as a result

of either planned or unplanned deviations to the maraging cycle. It was

expected that this investigation would reveal if either the heat-up or cool-

down portions of the maraging cycle were the most significant contributor to

the strength increase.

a. Effect of Heat-Up and Cool-Down
Rates on Strength Increases

This phase of the evaluation was accomplished to deter-

mine if either the heat-up or cool-down portions of the maraging cycle was

the major contributor to the strength increase. The results of this investi-

gation are tabulated in Figure 179. The yield strengths developed by

Pa4_e131
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VIII, D, Additional Testing to _valuate the Strength Increase (cont.)

maraging with a heat-up rate of 400°F/hr and ambient air cool-down were close i

to the strengths from the original material characterization baseline data.

The yield strength for plate M was 4 ksi higher than the baseline strength; _g

the strength for plate A was i k:_i lower; and the strength for the 63343 f!

weldment was the same (211 ksi). Increasing the heat-up rate from 400 to

80O°_'/hr decreased the yield strength of plate M to 221 ksi and increased

the yield strength of the 63343 weldment to 214 ksi. Again, the results were

very close to the baseline data.

The third maraging cycle used in the investigation,

heat-up at 400°F/hr and cool-down at 250°F/hr (200°F/hr for plate M), developed

yield strengths 7 ksi higher than the baseline strengths for both plate M and

the 63343 weldment.

The results of this investigation indicated that a

heat-up rate of 400°F/hr was rapid enough to avoid a significant increase in

strength. However, cooling rates of 200 to 250°F/hr in conjunction _ith the il

400°F/hr heating rate indicated a moderate strength increase.

b. Effect of Varying Stabilized Temperature

This segment of the investigat ion _Tas accomplished to If

f t

investigate the effects of varying the temperature in the stabilized portion

of the cycle in conjunction with the slow heat-up and cool-down rates. {

The strength data for plate M and the 63343 automatic !i

weldment specimens for the four hold temperatures investigated (800, 850,

900, and 950@F) is recorded in Figure 180. Comparative baseline material II
characterization data are included _ere available.

l]
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_r VIII, D, Additional Testing to Evaluate the Strength Increase (cont.)
q

i As expected, the slow heat-up and cool-down rates°

caused increases in strength above the baseline data at all hold temperatures

_i for which comparative data was available. For p.!ateM, the largest increasein strength (12 ksi) was observed for the 900°F hold and the smallest

(7 ksi) for the 950°F hold. The weld specimens showed similar increases;

I_ however, with these specimens, the largest increase (Ii ksi) was observed

for the 950CF hold and the smallest (B ksi) for the 850°F hold.

i
c. Investigation of the Rate of Strength Increase During

- Heatup

The rate of strength increase during heat-up wasi'
investigated to determine, if possible, the temperature at which the

additional strengthening occurs. Specime_Isfrom plate heat 25000-6A (M)

II were heated at lO0°F/hr in lO0°F increments from 700 to 900°F, with 950°F the
highest temperature evaluated. After heating to the desired temperature,

I the specimens were air-cooled. Solution-annealed strength was tested as a
baseline understanding of the strength increase.

I The tensile data from plate M are recorded in Figure 181.

Comparison of this data to the baseline yield strength for this plate of

•_ 221 ksl (900°F/8 hr material characterization data) shows that, while the

maraging reaction is detectable after slow heating to temperatures as low as

7000F, a large increase in strength occurs during heating between 850 and

9000F. During the slow heat-up to 900°F, 84% of the 900°F/8 hr baseline

{i strength (185 ksi)was developed.

d. Effect of Double Heat-Up on Strength

The possibility of maraging furnace shutdown because of

U malftmction of furnace components would require a double (or repeated) heat-up

i Pqe 1._3
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VIII, D, Additional Testing to Evaluate the Strength Increase (cont.)

of the motor chamber. To understand the effect of double heating of the

strength properties of Grade 200, 18%-nickel maraging steel, tensile specimens

from plate M were maraged, simulating an interrupted cycle. The cycle used
!

was to heat-up to 900°F at lOO°F/hr, immediately air cool, reheat to 900°F

at lO0°F/hr, hold at 900°F for 8hr, and air cool.

The average values of the test results fr_n three

tensile specimens from plate M are shown below:

0.2% Offset Yield Strength 226 ksi

Ultimate Tensile Strength 236 ksi

_ Elongation in 1 in. 10%

j Reduction in Area 51%

The slow heat-up rate and interrupted hold increased

the yield strength of the specimens 5 ksi above the baseline strength of

221 ksi. This change in strength is small compared to changes resulting from
the initial heatup.

e. Discussion of Results

The investigations discussed were not in'tendedto

determine the cause of the strength increase resulting from metallurgical

changes in the material, but did serve to increase the level of knowledge of

the heat-up and cool-down parameters affecting this phenomenon and to localize

the areas of interest in the maraging cycle for possible additional study.

Since the observed strength increases for 260-SL-1

chamber material subjected to complete profile maraging were much larger

than the incre_es because of longer hold ti_s at the _=r_ing te_eraturej !-

t
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,I_" VITI, D, Additional Testing to Evaluate the Strength Increase (cont.)

Ii it is apparent that the higher strengths are caused by the heating and
cooling rates used in the cycle. As an example, the yield strength of plate

M increased ll ksi from 221 to 2B2 ksi for a 900°F/8 hr maraging cycle as aresult of heat-up at lO0°F/hr and cool-down at 250°F/hr. The effect of

increasing the time at 900°F from 8 to 16 hr was to decrease the yield

strength slightly (221 to 219 ksi). While the overall maraging time for the

slow heat-up, 8-hr hold, slow cool-down and the rapid heat-up, 16-hr hold,

rapid cool-down cycles was similar, the effects of the two
cycles on strength

were quite different.

The strength increase was present for hold temperatures

:_ _ of 850, 900, and 950°F in conjunction with the slow heat-up and cool-down

_ rates, but the specimens which were heated slowly and air cooled with no

high temperature hold indicated that the temperature range from 850 to 900@F

I was probably the most critical for the development of high strength, at least

during the heat-up period. Over the range of heating from 850 to 9000F, the

_ _ plate specimens increased an average of 21 ksi.
strength of the M

_ E The outcome of the supplemental investigations of the

effects of variations in the maraging cycle did indicate that the response of

_ maraging material to the aging treatment was affected by both the heat-up and
I cool-down rates. Based on the limited data available, the critical heat-up

rate to avoid the significant amount of strength increase was approximately

_? 4CO°F/hr. No critical cool-down rate was determined; however, it was deter-

_ mined that a rate of 250°F/hr resulted in only a moderate increase in strength

_ I above that for ambient air cooling.
\

\\
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, IX. EVALUATION 0F HYDROSTATIC-TEST FLUID

I

This phase of the material and process evaluation program was under-

taken to evaluate the effect of two h_drostatic-test fluids on the short-time

stress-corrosion susceptibility of grade 200, 18%-nickel steel.

?

Short-time stress-corrosion susceptibility tests, using the fatigue-

cracked center-notch tensile specimen, were selected to evaluate hydrostatic

fluid for the large-diameter rocket motor chambers. This method of evaluation

was selected because stress-corrosion susceptibility was the most important

criteria to be considered in specifying pressurizing media for the hydro-

static testing of solid rocket motor chambers, and the test specimen selec-

ted contained a fatigue crack which simulates natural cracks or flaws that

might be present in the chamber to initiate stress-_ozorosionattack. Also,

this test technique has been successfully employed in determining the stress-

corrosion susceptibility of chamber materials and hydrostatic-test media for T

use in the processing of Polaris and Minuteman motor chamber assemblies.

?

A. HYDROSTATIC-TEST MEDIA

Two hydrostatic-test fluids were evaluated (i.e., 1 and 2% solu-

tions of sodium dichromate in water--the sodium dichromate is an anodic

inhibitor. Such inhibitors are efficient when adequately and unlformlymixed |
£with the water and, when added in sufficient quantity, will prevent corrosion.

If added in insufficient quality, they often will reduce the area affected |

by corrosion more rapidly than they diminish total corrosion and thus increase l

the intensity of attack on the affected areas. Also, anodic inhibitors may
I

be dangerous if the sodium dichromate is not adequately mixed with the water.

r
The solutions were prepared with tap water. Because the composi-

tion of tap water is variable, the pHof the as-mixed solutions was 4.1 and

3.85 for the l%and 2% solutions, respectively. The pH level of the test

fluid was maintained at 7.3 by adding sodium hTdroxide. L

m
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i_ IX, Evaluation of Hydrostatic-Test Fluid (cont.)

.i B. MATERIALS

[ The stress-corrosion tests were conducted using 0.6-in.-thick,maraging steel plate from Republic heat 3920556. The composition of this

plate fell within the ranges specified for the program as shown in Figure 182.

On the basis of tensile properties and fracture toughness, heat 3920556 were

considered to represent heats _t the lower range (200 to 220 kci) of the 200

to 235-ksi strength
yield range.

I! Special Metals heat 34482 maraging steel fi?_lerwire was used to

prepare weldments for the investigations. The composition of this filler
_1 wire fell within the range of composition specified for production welding

U (Figure 182) and is considered to be representative of the filler wire which

will be used in the fabrication of motor components.

C. EXPERIMENTAL PROCEDURES

The procedures that were used to prepare and evaluate parent and

_ weld metal test specimens are described below:

• _ i. Specimen Preparation

Center-notched tensile test specimens were prepared from

i I 0.6-1n.-thick, grade 200, 18%-nickel maraging steel plate and weldments for

this evaluation. The dimensions of the center-notched specimens are shown

I in Figure 183. The specimens were prepared as follows:

I a. The parent metal plate and weldments were parted to
form longitudinal and transverse parent and transverse weld specimen blanks,

I measuring 8 by 2 by 0.6 in.

!
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TX, C, Experimental Procedures (cont.)

b. Each specimen blank was parted in the short transverse

orientation to form two 8 by 2 in. specimen blanks, which were machined to

a thickness of 0.07 in.

c. The specimen blanks were aged at 9OO@F for 8 hr.

d. Each specimen blank was machined to form a reduced

section, 1.75 in. wide and 0.060 in. thick.

e. Each specimen was electro-discharge-machined to provide

_ pinholes in each end of the specimen and to form a small O.O6-in.-long notch

in the center of the reduced section, i

f. The notched specimens were cyclic loaded in tension

to propagate a fatigue crack, approximately 0.06 in. long, frmn each end of

the elox notch in the center of the reduced section. After fatigue cracking,

the total center-notch (elox + fatigue cracked) length approximated 0.75 in.

The parent-metal plate specimens were oriented both
1 transversely and longitudinally with respect to the final rolling direction

I of the For longitudinal the specimens were oriented with theirplate. tests,

! major dimension parallel to the final rolling direction of the plate For
t

the transverse tests, the specimens were oriented with their major dimension

normal to the rolling direction. The weld-metal test specimens were oriented

transverse to the weld with the weld-metal zone in the center of the reduced

section. In the welded specimens, the notch was located in weld metal.

2. Welding Procedures

The 18-in.-long weldments were produced by _oining two 4-in.-

wide, 0.6-in.-thick, grade 200, 18_-niekel maraging steel (heat 39R0556) test

Pap 138
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L IX, C, Experimental Procedures (cont.)

Ii plates. Individual weld test plates were machine cut and all plate edges
were machined for welding. This technique was used so that the plate edges

|" would not be subjected to thermal cycles such as those that are encountered

L in flames or powder cutting which might affect the mechanical properties and

metallurgical characteristics of welded Joints. After machining, the plateswere degreased and the plate surfaces were ground to remove oxide scale.

Immediately before welding, the Joint edges were wiped with acetone to remove

oil film and other foreign materials. The weldments were prepared with a

single-U Joint configuration to simulate weldments in the 260-in.-dia motor

chamber components. The single-U Joints were prepared with a O.060-in. root
land, 0.093-in. root radius, zero root gap, and 45-degree included angle.

I 3. Testing Procedures

I Three series of tests were conducted during the program to

evaluate the hydrostatic test fluid. In one series, base-metal and weld-

metal center-notched tensile specimens were tested in air and loaded to

failure. The maximum tensile loads recorded during these tests and the

uncracked portion of the specimen gage width were _sed to calculate the
ultimate tensile strength of the test specimen. These data were obtained

I for c_nparative purposes to evaluate the severity of the stresses imposed onspecimens while they were immersed in the hydrostatic test fluid. In the

_ second series of tests, base metal and weld metal center-notched tensile
I specimens were loaded to a sustained tensile stress of 170 ksi and immersed

/ in the hydrostatic test fluid for an extended period of tJme. These specimens

I were examined periodically for failure. In the third series, base-metal and

weld-metal center-notched tensile specimens were loaded to a sustained stress

• I of 170 ksi and i_ersed in distilled water, which did not contain inktbitors,
i

for an extended period of t_. These specimens also were examined period-

I icall_ for failure.

!
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-i

IX, C, Experimental Procedures (cont.) -'

Most of the center-notched tensile specimens that were -!

subjected to sustained tensile loads, while immersed in hydrostatic test

media or distilled water, were tested in the fixture shown in Figure 18_.
U

These specimens, with a strain gage attached, were nounted in the fixture and

stressed in a standard tensile machine. When the desired stress level of }|

U170 ksi (calculated on the basis of uncracked area) was reached, the end nuts

on the fixture were tightened until the tensile load was transferred to the

test fixture. The tensile machine load was then released and the stress _"

level in the specimen verified by the strain gage attached to the specimen.

If a relaxation of stress occurred when the tensile machine load was removed, :i

the fixture nuts were tightened until the desired strain gage reading was

re-established. The test fixtures and center-notched tensile specimens were "i
|

.!

then fully immersed in the hydrostatic test media or distilled water and were

examined periodically for failure. As a control for specimens tested in the --

fixtures, several specimens also were tested in creep-testing machines with _!

the hydrostatic test media continually circulated around the center-notch

specimen. "I

D. RESULTS AND DISCUSSION _}

The ultimate tensile strength of center-notched tensile specimens ]_

prepared from 0.6-in.-thick, maraging steel plate (Republic heat 39_0556) and

weld metals (filler wire heat 341_82)and tested in air is listed in Figure 185. _|
HThe ultimate strength of these specimens ranged from 197 ksl for the weld

metal to 210 ksi for the base metal in the longitudinal orientation. In all

instances, these ultimate strength values were lower than the 0.2%yield U

strength values obtained in testing unnotched tensile specimens. For

unnotched tensile specimens, the O.O_yield strength was 218p _21, and

207 ksi for the base-metal lon_tudinal_ base-metal transverse, and weld-

metal specimens, respectively.
B

8
!
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IX, D, Results and Discussion (cont.)

I The center-notched tensile specimens were tested to failure to
obtain comparative data for evaluating the sustained tensile loads applied

i to the specimens while they were immersed in hydrostatic test media. The170-ksi sustained stress level corresponded to 81_ 84, and 86_ of the ultimate

tensile strength of the center-notched base-metal longitudinal, base-metal

[_ transverse, and weld-metal specimens, respectively. On this basis, the

sustained stress level was high and should cause stress corrosion cracking

Ii if the materials susceptible to this phenomenon.
sere

Although high sustained stress levels were imposed, failureswere not observed in eiUner base-metal or weld..metalcenter-notched tensile

specimens that were stressed at 170 ksi while immersed in i and 2% sodium: dichromate solutions during a 45-day (1080-hr) exposure p_rlod. The results

of these tests are shown in Figure 186. After the 45-day exposure period,

the tests were discontinued because this exposure time greatly exceeded that

which would 0e encountered during hydrostatic test and was considered long

enough to that the rocket motor chambers would not be susceptible to
ensure

stress corrosion attack during the hydrostatic testing operation. On the

basis of these data, both proposed hydrostatic test media were considered to
be satisfactory for hydrostatic testing of the rocket motor cc_oonents.

Failures were not observed in base-metal, center-notched tensile

specimens that were stressed and immersed in uninhibited distilled water for

45 days. However, weld-metal specimens that were immersed in distilled

water failed after 15-, 16- and 20-day exposure. On the basis of these data,

E the weld metal was determined to be more _usceptible to failure than the base
metal, an_, the inhibitors are constaered nece_sa_ 7 to prevent stress-corrosion

I failure in welded chambers.

!
!
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IX, D, Results ald Discussion (cont.) _i

"4

The specimens that were immersed in hydrostatic test fluid and _

distilled water were also examined for evidence of general surface pitting

corrosion during exposure. No evidence of this condition was visible on the ||
U

surface of specimens immersed in either the I or 2% sodium dichromate

solutions; but general corrosion was observed on the specimens that were

immersed in distilled water.

Although failure of the specimens tested in either of the sodium !

dichromate solutions was not encountered, several of the specimens tested
-

in the 1% sodium dichromate solution were examined for evidence of crack i

growth and stress-corrosion cracking. For these examinations, the specimens

_ were parted down the center line of the reduced section so that the fatigue- _i

cracked area on each end of the electro-discharge machined notch could be '-|

examined. Half of each specimen was heated to 900@F to oxidize the surface i

of any existing crack and fractured to expose the surface of th_ fatigue _}

crack. Any crack extension from the original fatigue crack was then measured

'tfrom the end of the fatigue crack to the freshly fractured surface.

_ A small amount of crack growth was observed in each of the

specimens that were examined. A total crack extension of 0.020 in. (0.010 in

at each end of the fatigue crack) was observed in longitudinal base-metal
Uspecimens compared with about O.OlO to 0.014 in. of crack growth for the

base-metal transverse and weld-metal specimens, fi

To obtain additional information regarding the small amount of

! crack growth that was observed, the crack in one base-metal longitudinal i_

specimen was examined by metallographic techniques. For this examination,

the specimen was ground from one surface to approximately the center of the
u

thickness of the specimen. This surface was then polished and prepared for

examination by electrolytic etching in a 10% chromic acid solution to reveal I
!

N
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in IX, D, Results and Discussion (cont.)

il the prior austenitic grain boundaries. The results of subsequent metallographicexaminations are shown in Figure 187 and show the intergranular cracking or

corrosion which was observed at the end of the fatigue crack.

[
It was not determined whether crack growth occurred in the test-

I_ ing period or if the condition noted in Figure 187 represents the termination
8..

of the original fatigue crack. It was concluded, however, that the exposure

Ii of the specimens tested in this program far exceeded time under stress in the
hydrostatic test operation, and that 1 and 2% water solutions of sodium

dichromate controlled to a pH of not less than 7.1 are acceptable solutionsfor hydrostatic test of the motor components.

[
U

|
I
I
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X. PROCESS EVALUATION TEST VEHICLES (PETV)

Two 36-in.-dia Process Evaluation Test Vehicles (Figure 188) were

designed and built for hydrostatic burst tests to determine that the design

concepts, material selection, and fabrication techniques used were satis-

factory for use in the 260-in.-dia motor program. This program determined

that the total approach to design and fabrication yielded end product results 7|

consistent with the structural requirements of the motor components. //

The materials (grade 200, maragin_ steel plate and forgings) used in

fabrication of these test vehicles were extensively evaluated in order to

determine that the material was representative of material to be used for _

motor component fabrication. The complete results of the plate and forging

material evaluation are presented in a report prepared by Sun Shipbuilding, _i

Reference (12). Weld wire heats 3_81 and 08_36 used in the welding of the

first PETV were evaluated in complete detail in the plate welding phase of the =_

material and process evaluation program and are reported in a previous section !i

of this Appendix. Weld wire heat 633h3 used in fabrication of the second

PETV is reported in the material characterization section of this report. _i

A. PROCESS EVALUATION TEST VEHICLE DESIGN AND FABRICATION _I

The PETV designs, shown in Figures 189 and 190, were intended to _I
nduplicate design features and fabrication procedures, i.e._ forming, welding,

machining, nondestructive testing techniques, etc., to be used in fabrication 11

of 260-in.-dia pressure vessel components.

The
primary design requirement of the PETV's was to ensure that H

initial burst failure occurred in the cylindrical sectiun of the vehicle.

This permitted evaluation of the vehicle performance in an area effectively
u

free of discontinuity stresses and in a biaxial stress field. The cylindrical-

section thickness was selected to be equal to the thicknesm in the cylindrical i

|
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_ I X, A, Process Evaluation Test Vehicle Design and Fabrication (cont.)

_ section of the 260-in.-dia motor chamber (0.600 in. minimum). The forward
and aft heads and flange closures were designed to ensure greater safety

_ factors (or less stress) than the cylindrical section at failure.
|

1. Forward and Aft Heads

The forward and aft heads of the PETV's were designed with

i a hemispherical contour representing that of the 260-in.-dia motor chamber

and were fabricated with a O.670-in. minimum thickness. As shown in Figures

"'I 189 and 190, a short transition area from head thickness to cylindrical-

section thickness was provided in the cylindrical section, starting at the

_ forward and aft equators. Openings in the forward and aft heads 3 14 and 3 in.
U

in diameter, respectively, provided access to the inside of the PETV's during

_ fabrication. These openings were also used for routing instrumentation wires

• _ and pressurization lines during hydrostatic burst test.

I_ The basic membranes of the forward and aft heads of the first°.

and second PETV's were identical in structural design; however_ the method of

li fabrication was different between the first and second PETV's. The heads of
the first PETV were fabricated from four cold press-formed gore segments,

which were longitudinally welded together to form the gore subassembly
(Figure 189). The attachment flanges were girth welded to the subassembly,

and the subassembly was then girth welded to the cylindrical section. Thismethod of fabrication represented, in concept, the method of fabricating the

heads of the 260=in .-did motor chamber. The forward and aft heads of the

second PETV were fabricated as one-piece forged-and-machined sections. The

attachment flanges were integrally forged and machined with the basic membrane

I (Fi ur,lgO).

!
{
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X, A, Process Evaluation Test Vehicle Design and Fabrication (cont.) ]

2. Cylindrical Sections ]

The cylindrical sections of the two PETV's were identical in i
l

design and fabrication approach, and were fabricated with cold roll-formed-

and-welded plate with a minimum thickness of 0.600 in. This represented the i
method of construction and thickness of material to be used in the cylindrical J

section of the 260-in.-dia motor chamber. Although two longitudinal welds

were made in each cylindrical course of the 260-in.-dia chamber_ the two ]

PETV's were fabricated with four longitudinal welds in the cylindrical

courses, in order to more thoroughly evaluate the critical, high-stressed I

longitudinal welds.

]The length of the PETV cylindrical section was established

to assure a length-to-diameter ratio in excess of the theoretical 1.5 minimum i

]ratio required to develop the biaxial strength gain. The actual length-to-

diameter ratio of the PETV's was ].78.

]
3• Welding

1
Welding of the 36-in.-dia PETV's was accomplished using the

automatic TIG welding process with the downhand welding technique. Repeir
lwelding was accomplished with the manual TIG welding process.

The welding parameters used for both automatic and manual I

weldingI i.e.I amperage, voltageI welding speed_ wire feed speed_ etc., were
Ill

developed in the weld process development phase of the material and process 1

evaluation program for use in actual fabrication of motor cce_onents.

I
I
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X, A, Process Evaluation Test Vehicle Desipn and Fabrication (cont.)

During fabrication of the PETV's, the maximum mismatch per-

mitted by the 260-in.-dia motor component design and fabrication control draw- I

ing was recorded. The maximum mismatch was specified as 5% mismatch (95% mini-

mum continuous membrane) for cylindrlcal-section longitudinal welds and 10%

mismatch (90% minimum continuous membrane) for all other welds. In addition,

a maximum of seven weld repairs was made in an overlapping area exceeding the

specification limit of three repairs.

4. Nondestructive Test Methods

The nondestructive test methods used in the fabrication of

the 36-in.-dia PETV's were identical to those used in fabrication of the

260-in.-dia motor components. The PETV's afforded the first evaluation, in

pressure vessel form_ of the adequacy of the nondestructive test requirements

! imposed on the 200 grade, 18%-nickel steel material and the welding process.

The nondestructive test methods used in the fabrication pro-

gram are listed below. Detailed requirements and controls of each method

are given in the applicable AeroJet-General specifications shown in Appendix A.

a. The plate and forging material were procured from the

vendor subject _omagnetic-particle and ultrasonic inspection requirements.

b. The chamber welds were inspected as follows:

(i) Magnetic-particle inspection of all welds after I

grinding (before aging) and after aging.

D

(2) Radiographic inspection of all welds before aging.

(3) Ultrasonic inspection of all welds before aging.

Page i_7 _
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X, A, Process Evaluation Test Vehicle Design and Fabrication (cont.)

c. All final-machined surfaces were magnetic-particle-

inspected before hydrostatic test.

\

B. MABAGING HEAT TREA'D4ENT
\

Both PE_J's were maraged at the J.W. Rex Co., Lansdale, Pa. The

maraging cycles of 900°F for h hr and 900°F for 8 hr for the first and second

PETV's, respectively, were selected to produce the best compromise between

adequate yield strength and the best possible fracture toughness.

i. Maraging Procedure

The same maraging procedure was used for both PETV's for the

different stabilized-temperature hold periods. The maraging procedure is

presented below:

a. Preheat furnace to 300OF (permissible, but not necessary).

b. Raise furnace temperature to 700°F at a maximum rate of
+ 0°F

200°F/hr. Permit all thermocouple readings to stabilize at 700°F _50o F.

c. Raise furnace temperature from 700 to 900°F rapidly,

noting thermocouple readings. Start counting time at 900°F when all of the

thermocouples read above 8500F. Hold at 900°F for specified time.

d. After specified time at 900°F, cut power and remove

furnace lld. Do not turn the fan off. Record temperature until 800°F or

lower is read on all thermocouples.

Page lh8
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_i X, B, Maraging Heat Treatment (cont.)
i

i Thermocouples and material test specimens were similarly
placed on the PETV components during the maraging cycles, as shown in

Figures 191 and 192.

2. Test Results of Specimens Mara_ed with the PETV's

a. PETV No. i

Test results of the parent-metal specimens maraged with

the case are recorded in Figures 193 and 19h. Comparison of these test results
with the results of specimens tested in the laboratory showed that, with the

exception of the transverse tensile specimens from plate R-600-1, the speci-mens maraged with the case developed properties within ± 3 ksi of those

specimens maraged at 900°F for h hr in the laboratory. The results for weld

U metal specimens maraged with the PETV are shown in Figure 195.

b. PETV No. 2

The parent-metal tensile, slow-notch-bend, and
precracked-impact test results are recorded in Figures 196 through 198.

With the exception one transverse plate specimen with

a yield strength of 236 ksl, all tensile results were within the specified

200 to 235 ksi yield strength limits. Compared to the laboratory specimens, i
lthose maraged with the case showed consistently higher yield strengths and

I consequently values. Plane (Gnc) values were approximately
lower W/A strain

the same within normal data scatter associated with the test. Specifically,
A

the yield strengths of the specimens maraged with the case were 2 to 5 ksi

higher than those maraged in the laboratory, and the W/A values were approxi-

mately 100 to 250 in.-lb/sq in. lower. The differences in properties are

attributed to the longer heat-up and @ooldown times associated with the

maraging of the case.

i Page I_9 I-
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X, B, Maraging Heat Treatment - VC (cont.)

The weld-metal tensile and precracked-impact test results

are shown in Figure 199.

C. HYDROSTATIC BURST TESTS OF 36-IN. DIA PETV's

The tests of PETV's i and 2 were performed to determine the ultimate

strength of the material and to determine if the design concepts, material

selection, and fabrication techniques were satisfactory for use in fabrication

of large-diameter, rocket-motor pressure-vessel components. The complete results

of the hydrostatic burst tests of two chambers are presented in References (13)

and(14)

Proof-pressure and hydrostatic-burst tests of PETV i and 2 were con-

ducted at AeroJet, Sacramento, on 15 April 1964 and 22 June 1964, respectively.

i. Dimensional Anal_sis

A dimensional inspection was performed on each chamber before

it was tested to determine the locations of the strain gages and the thicknesses

at those locations.

a. Out-of-Roundness Check

The chambers were installed on a lathe and centered to

within _ 0.002 in., based on the machined surfaces of each head boss. An

arbitrary fixed point was chosen as the reference point. Out-of-roundness

varied from+O.122 to -0.2S0 in. on PETV 1 and +0.038 to -0.033 in. on PETV 2;

the negative sign indicates a smaller radius than reference. Out-of-round

measurements and identification of welds and chamber sections are presented

in Figures 200 and 201. A contour map of the chambers based on these data

appears in Figures 202 and 203.
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X, C, Hydrostatic Burst Tests of B6-in. Dia PETV's (cont.)

I b. Vidigage Thickness Measurements

I Thickness measurements were made in the cylinder sections
of each PETV. Cylinder thickness varied from 0.635to 0.675in. for PETV i

and 0.620 to 0.650 in. for PETV 2. These values are compared to the drawingtolerance of 0.600 to 0.676 in.

I c. Pi Tape Measurements

_i Outside diameters of cylinder sections measured an average

of 37.26 and 37.28 in. for PETV'_ i and 2, respectively.

2. Instrumentation

A total of 19 biaxlal post-yield strain gages were mounted to

the chamber exterior and interior surfaces in accordance with Figures 204 and

_' 205.

_ Strain gage terminology used in this report is as follows:

• I_ Strain gage
location

15 MI Grid oriented in hoop (H)
or meri_tonal (M) direction

Inside (I) or outside (0) of
chamber

The bases for selecting strain gage locations and the corre-

I spending thicknesses are outlined in Figure 206.

Two 1-1/_-in.-dia bolts were tnstrtmented with monof_lament

i strain gages as shown in Figure 207. Prior to this test, the bolts were

!
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X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.) i

calibrated to establish a relationship of tensile load to strain. In actual _
installation, the bol_s were 90 degrees apart on the bolt pattern on the 14-in.-

aliaclosure.

Pressures were monitored remotely during the test with a

10,000-psi pressure gage monitored with a television camera and receiver, and

a Mosely X-Y plotter which plotted pressure versus time. Two lO,O00-pslg
J-?

pressure tr_sducers were employed for recording pressure. Acquisition of the

strain and pressure data was accomplished oa two CEC Model 5-123 recording
_p

oscillographs. ,

_- 3. Test Setup i
:

The 5/8-, i- and l-i/_-in.-dia bolts used to assemble the aft

• and forward closures to the chamber were torqued to 170, 525, and 1150 ft-lb,

respectively. During installation of the forward closure, the two instrumented
-2

bolts were monitored at each torque increment. .I

I"

The chamber was erected in the vertical position and supported r

on the l_-in.-dia closure on a wooden test stand (Figures 208 and 209).

i Figure 210 is a schematic of the hydraulic system used in I
pressurizing the chambe_. MIL-L-17672 specificati_ oil was the pressuriza-

tion medium.

M. Te__,tProcedux_e a

Prior to proof test, the system was checked for leakage at I
50 psig and then cycled to 900 psig twice to test the instruaentatl_.

!
I
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I X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.)

a. Proof Test

_ The chamber was pressurized at a rate of 220 psig/min°

to 5570 + 20 psig and held at that pressure for 2 min befora reducing to zero

[ pressure.

b. Burst Test

The chamber was pressurized at 2]0 psig/min to burst.

[
5. Test Results

ih
a. Proof Pressure Test of PETV's i and 2

Both chambers successfully withstood the proof pressure

f_ of 5570 psig with no evidence of yield. The control hoop stresses calculated

at proof were as follows :

Ii Theoretical
Uni_.__t Calculated Stress, ksi Stress I ks__i

_ PErVi 156 157
il PETV2 160 156

b. Burst Test of PETV No. 1

The chamber burs_ at + psig because the strength
837O 20

of the material was exceeded. The chalber remained in one piece after bursts

I characterized by a ductile failure. Fi@_es 211 through 216 shaw the test unit
after failure.

I
!
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X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.) _

Material at two locations, (Strain Gages i and 15) _:
Q

indicated a yield condition (0.2% offset) at time of failure as shown in

Figure 217; however, both areas were intact after failure. Strain Gage 15 I_

was located on the center line of weld WI, whereas Gage i was located on the

parent material.

On the basis of the curve presented in Figure 217, the

yield stress at Strain Gage i was determined to be 2h2 ksi. At the origin

of failure, the 8B70-psig burst pressure represented a calculated ultimate

stress of 240 ksi. Strain Gage i was located on parent material hax_ng a 'I

thickness of 0.6S5 in., whereas the failure origin occurred at weld WIC, which

had a thickness of 0.650 in. !i

Cylinder hoop and meridional stresses for control Strain

Gage 2 and the theoretical hoop stress are plotte2 in Figures 218 and 219.

These graphs show excellent correlation between theoretical and measured hoop

stress throughout the elastic range. Stress calculations were based on a

uniform modulus of elasticity. The modulus of elasticity of 27,300,000 psi
-IP

and Poisson's ratio of 0.29, as determined from strain data at location 2, are

also in good agreement with the 27,500,000 psi modulus and O.Sl Poisson's ratio

derived from uniaxial test specimens, j

Bending was evident at the one location (Gage 8, maximum
mmismatch area) on the aft head where inside and outside strains were recorded;

bending stresses of 27,_00 and 3h,750 psi were calculated for the hoop and D

meridional directions, respectively. Maximum stress at this location was I

150,900 psi (membrane plus bending); however, while bending stresses in this
i

area were significant, the magnitude of the membrane stresses were such that the i

total stress (membrane plus bending) was insignificant when compared with the

_tress level in the cylinder. 1
1
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!I X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.;
I

I Strain-vs-pressure curves are presented in Figures 220

through 224 for all strain gage locations except Gages 6 and 7, located on the

closure where strains were insignificant.

_ Bolt loading in the two instrumented bolts due to chamber
pressure loads is shown in Figure 225. After initial chamber pressures, the

i bolt loading appears to be linear until failure. The average bolt load duesolely to pressure was approximately 17,000 ibf at failure. Accuracy of bolt

load measurement was + 1200 lbf. Bolt preload prior to test for Bolts 9 and

[ -I0 were 178,000 and 145,000 ibf, respectively. Based on instrumented bolt

calibration of three bolts, the range of bolt preload for the ll50 ft-lb torque

' i_ varied from 145,000 to 183,000 ibf.

The shear lip on the large hydrostatic-test cover snappedoff at one location (Figure 215). The time of this shear-lip failure is unde-

termined but it is presumed to have occurred after the initial chamber failure.The pattern of the crack propagation into the forward head and around the flange

indicates that, during chamber failure, the cover may have been subjected to

excessive strains, thus initiating shear-lip failure. Removal of the cover

revealed that both the l- and 1-1/4-in.-dia bolts had experienced shear loading.

Similar results (shear-lip failure and shear loading of

bolts) were observed in the small hydrostatic-test cover and bolts. The time
of this shear lip failure is undetermined but it is also presumed to have

i occurred after initial chamber failure.

The design of these two covers has been reviewed and the

following correction action has been initiated:

(i) The tolerances of the covers and flanges were revised
to ensure that the bolts could not be loaded in shear.

!
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X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.)

(2) The shear lips were strengthened.

Post-failure inspection of the support stand ¢.nwhich

the chamber was vertically mounted substantiates the conclusion that the L

chamber failed along aft weld WIC near the aft circumferential weld, as shown

in Figure 226. Impressions of the bolt heads from the chamber closure were

apparent in the support stand in the area 180 degrees opposite from weld line _

WIC, while no impressions occurred under the WlC weld line. These impressions

indicate a reaction (from oil expulsion) along weld WlC and near the aft cir-

cumferential weld. Had the origin of failure occurred in either the aft head

or the forward portion of the cylinder, a complete bolt-head pattern impression

or no bo, '-head impressions at all would have resulted. _

c. Burst Pressure Test of PETV 2

I

The chamber burst at 8250 + 20 psig, representing a

itheoretical hoop stress of 2hl ksi (based on minimum wall thickness). After

failure, the chamber consisted of three principal parts as evidenced in Figures

227 to 229. _i

No evidence of yield (0.2% offset) was detected at anyI
gage location at the time of burst. Maximum strain recorded was 9070 micro-

in./in, at Strain Gage 7. ]

Cylinder inside and outside hoop stresses for control g

Ga@e 8 and theoretical hoop stresses are plotted in Figure 230. These curves l

show good correlation between theoretical and measured hoop stress throughout
the elastic range. Stress calculations were based on a uniform modulus of

elasticity.
m

S

|

Page 156

I1
i
i

1967020705-177



Report NASA CR 72126, Appendix B

X, C, Hydrostatic Burst Tests of 36-in. Dia PETV's (cont.)

Bending stresses in the loop direction for Strain Gages
inside - _ outside

8, 9, ll and 13 were calculated on the basis: _e_ding 2 "

_i Bending rtresses were found to be less than l0 ksi at these locations through-
out the elastic range.

• Strain-vs-pressure curves are presented in Figures 231

through 236.

Loading of Bolt 3 due to internal chamber pressure is

shown in Figure 237. Bolt loading increased approximately lh,000 ibf over

preload for the 8250 psig pressure. Bolt 4 instrumentation malfunctioned,

x[i and no data were obtained.

_, Visual observations of the failed chamber indicate that
the origin of failure occurred along longitudinal weld 2Wl approximately 19 in.

from the forward circumferential weld. Visual observations are based on the

following evidence:

( (I) A bulged area occurred near midcylinder along the

crack pattern (Figure 238).

(2) The stored energy in the chamber at burst inflicted

[i the most damage to the cylindrical section, as shown in Figures 239 and 2hO.
The deformation of the origin area is significantly greater than that of the

other two sections.

(3) The condition of the test support stand indicates

failure near midcylinder. The reaction at burst sheared off a portion of the

wooden support stand and was the result of a horizontal side force applied

U near the chamber center of gravity.

J
Q P_ 157
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X, Process Evaluation Test Vehicles (PETV) (cont._ -.

D. CONCLUSIONS _i

PETV's i and 2 demonstrated excellent structural capabilities in
attaining burst pressures of 8370 and 8250 psig, respectively. The burst

pressures represented basic membrane hoop stresses of 240 and 241 ksi, respec-
tively. The performance of both PETV's exceeded the predicted burst pressures

of 8020 and 8060 psig, respectively. It was concluded from these burst teststhat the 18%-nickel steel selected for fabrication and the fabrication approach

were capable of producing reliable motor components consistent with the struc-

tural requirements for use in the 260-in.-dia motor fabrication program.

!

!

|
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Tensile, Slow-Notch-Bends and Precrscked Charpy Impact Test

i Specimen Conf_rationFigure 1
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!
Typical Microstructure, Grain Size, and Inclusion Content

of 0.6-in.-thick Plate; Republic Heat 396052_
|Figure 4
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Ultimate --
A6in6Cycle YieldStrengthat Tensile Elongation Reductionin ..
"F Hr. Orientation 0.2_ 0ffletI ksl Strength in i in. _ Area/

y-

85o 4 Longitudinal 230 23_ 12.9 64.0 _
230 233 13.5 62.5 .,

A_. 22 233 12.4 63., |!
850 8 Longitudinal 238 242 ii.8 63.6

239 2_ Ii._ 62.2

Avg. z38 2_3 ll.6 62.9
-..

Transverse 2_4 2_ Ii.7 55.0 _I
zSz z53 LZ.O 56.0 -.
2_! 25_/_ io._._8 55.__oo

Avs. 2M8 _;_ ii.2 55.3

850 16 Longitudinal 2_ 2_8 ii.6 61.7
242 2_ AI.I 6o.3 -_

' 2__ 2..___ u...._o _.o
Avg. 2_2 2k8 ii.2 60.0

850 2_ Longitudinal 248 252 ii.i 54.i iI

Transverse 250 253 9.6 56._ ""
2j_z 25_ 9.9 _._!

Avg. 250 253 9._ 55._ _

900 2 Longltudlnal 229 233 12.1 63._
229 232 1_._ 64.0
___ 231 _2._2

Avg. Z29 232 12.2 6_.2

_0 _ Longitudinal 230 2_ 12.6 6_.8
235 237 11.9 63.8
___ ___ _.__!_

Avg. z3_ z3_ 12.3 6_.o

!
Effect_ of Specimen Orient_i_, _ _lperatt_e, and

A@iag _ o_ the Tensile Properties of O.$-in.-thick 18_- I
Hickel Ma_n_ Steel Plate, Mill Annealed at l_00ey for I hr;

Republic Heat _0_2_

Figure 6, Sheet 1 of

I
I
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Ultimate

A_Fin6Cycle Yield Strength at Tensile Elongation Reduction in
I Hr_._t Orientation 0.29 OffsetI ksi Strength in i in. _ Area, %

Transverse 2_i 242 i0.8 56.0
240 243 ii.0 57.6

[ _ 24__3 r_.__o _._.._2
Avg. 2_0 S43 n.o 56.8

I 900 8 Longitudinal 237 241 12.1 63.6s38 2_ n.3 6l.O
24__z_z 24__2 n._.._55 54.____

i Avg. 239 241 11.6 59.5

Transverse 245 2_ i0.2 54.6

i 243 246 1o._ 56.02_..j 24..! lO._._66 53.__.!
Avg. 2_ 2_6 lO.4 54.8

I" 900 16 Longitudinal 231 236 12.0 62.2I. 232 236 11.5 60.0
232 23_1 12.__._3 6l..._._5

h Avg. 232 236 11.9
61._

900 2h Longitudinal 227 231 ll.3 59.

; it 22.j _ lo.9 6o....jz
I] Avg. 227 231 Ii.i 59.7

Transverse 232 235 i0.2 _. 7_ n .__! 56._.__G
AVg. 232 236 10.9 55.3

950 R Longituainal 231 236 ] !.7 54.5
236 238 9.8 53.0

Avg. 233 237 i0.9 5_.4

Transverse 228 231 13.5 60.7

I 229 232 _2.6 58.o

AVg. 228 232 13.Z 95.5

I 95o 4 Longltu_naZ 231 236 12.3 56.8
2_2 236 12.o 51.9

2._ _.._.A _._

I A_. _31 2_ _..1 _.o

I Effe_(a of S_:eetx.mn Orien_tion, Agin_ Temperature, and AKln_on the Tensile Properties of 0.6-in thick _ll_kel )4aregtng
Steel Plate,Mill Annealedat 15000F for 1 hr; RepublicHeat 39605_

I Figure 6, Sheet 2 of 3
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Ultimate

Aging Cycle Yield Strength a_ Tensile Elongation Reduction in -

°E_F Hr. Orientation 0.2 9 Offset, ksi Strength in i in. % Area_ %
I

950 4 Longitudinal 231 236 12.3 56.8

232 236 12.0 51.9
230 235 12. i 56.4

Avg. 231 236 12.1 55.0 i.

Transverse 227 231 13.2 58. I

226 230 13.3 62.8

22_2_ 23o 12.___8 _-__/5 .

Avg. 226 230 13. i 59-8

950 8 Longitudinal 220 228 13.i 64.0

220 226 13.1 63.0

21_/6 22__2 12.__29 62.___25

Avg. 219 225 13.0 63.3 !

950 16 Longitudinal 214 221 13.3 65.0

218 224 13.0 63.4

Avg. 216 222 13.2 64.2

950 24 Longitudinal 209 215 14.5 61.8 r

20_Z2 ____ _.__Z 61.__A _i

Avg. 205 212 14.3 61.4 ..

Transverse 210 214 i0.9 58.0 .,

21_! 21__6 11.__! _.__/8

Avg. 210 215 ii.O 56.4 _

B

|
Effects of Specimen Orientation, Aging Temperature, and Aging Time
on the Tensile Properties of 0.6-in-thick 18%-Nickel Maraging
Steel Plate, Mill Annealed at 1500eF for i hr; Republic Heat 3960524

Figure 6, Sheet 3 of 3
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I Effects of Aging Time and Temperature on the Tensile
Properties of O.6-in.-thick 18_-Nickel Maraglng Steel Plate,
Mill Annealed at 1500°F for i hr Prior to Aging; Republic

I Heat 396052_
Figure 7

I
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Ultimate
Tensile

Aging Cycle Yield Strength at Strength, Elongation Reduction of

OF Hr. Orientation 0.2_ Offset, ksi ksi in 1 in. %. Area, %

850 4 Longitudinal 194.1 206.0 11.9 63.3
199.8 210.1 12.6 68.7
200.0 211.8 12.0 64.6

Avg. 197.5 209.0 12.3 65.5 )i

850 8 Longitudinal 212.0 222.8 ii.9 63.0
208.9 221.2 ll.4 58-7

212.7 223.__1 12.3 63.____5

Avg. 211.2 222.4 11.9 61.7

Transverse 213.6 226.1 i0.7 61.1
214.6 226.7 i0.9 60.7

213.8 225.____8 io.___6 59.___55

Avg. 214.0 226.2 i0.7 60.4

_J 850 16 Longitudinal 219.3 230.8 i0.7 60.2
' 219.5 231.3 i0.0 58.2

_. 220.2 231._____2 i0.____5 57.____4 .
J

Avg. 219.8 231.1 i0.4 58.6

@ 850 24 Longitudinal 239 244 10.9 56.4 -24o 243 lO.9 57.4
23_/6 241 lO.O 57.__88 _

_t

Avg. 239 243 i0.6 57.2

Transverse 232 238 ii.4 59 1
235 239 ii.5 60.8

23___2 23__8 n.o 61.__/5

Avg. 233 238 ii.3 60.5 .l

900 2 Longitudinal 195.3 205.5 12.4 64.2
198.2 207.0 12.2 65.8 T_

196.9 206.___2 12._..._Z 67._i88 _.|

Avg. 196.8 206.2 12.2 65.9

Effects of Specimen Orientation, Aging Temperature, and I

Aging Time on the Tensile Properties of 0.6-in.itaick
18%-Nickel Maraglng Steel Plate, Mill Annealed at 1500°F

'l for i hr; Republic Heat 39R0556
: Figure 8, Sheet i of 3

P

1967020705-189



i ,

I_. NASA 72126, B
CR Appendix

Ultimate

I TensileAging Cycle Yield Strength,at Strength, Elongation Reduction of

°F Hr. Orientation 0.2_ Offset, ksi ksi in i in. _ Area, _ .

900 4 Longitudinal 217.0 227.0 11.9 62.6
212.2 222.6 Ii.0 61.9

213.2 222.8 i0.9 62 .____5

Avg. 214. i 224. i ii. 3 62.3

i Transverse 216.6 226.5 ii. 5 62.2

217.9 228.1 ii. 0 60.4

218.5 227. i ii .___/3 60.0

I -_ Avg. 217.7 227.2 i1.3 60.9

900 8 Longitudinal 217.9 227.9 ii. 5 60.8

I 21_ .0 227.5 ii. 5 62.5218.7 226.____!7 ll.l 60.7

Avg. 217.9 227.4 ii. 3 61.3

I]] Transverse 219.9 231.7 11.4 59
@0

220.9 233.6 ll. 4 59-1

220.7 233.7 12.O 59.i

_i 900 16 Longitudinal 222.6 234. 5 11.9 60.8
222.6 234.5 ll.9 60.8

222.6 234.6 ii .____22 57 .___55

Avg. 222.6 234.5 11.7 59.7

Transverse 222.0 23_. 2 12.6 60. i
223.6 235.0 11.7 62.5

221.__! 235.__/6 12._._29 6z.__9

Avg. 222.4 234.9 12.4 61.2
_ 900 2_ Longitudinal 235 242 11.4 58.0

231 242 12.1 58.0
24__0 59..__!

Avg. 233 2_1 ii. 6 58.

a_ Transverse 231 237 13.0 63.1

231 237 12.2 61.1

230 23__/7 13.___2 62..___5

Avg. 231 237 12.8 61.7

E
Effects of Specimen Orientation, Aging Temperature, and Aging

Time on the Tensile Properties of 0.6-in-thick 18%-NickelMaraging Steel Plate, Mill Annealea at 1500@F for I hr; Republic
Heat 3920556

I Figure 8, Sheet 2 of 3
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Ultimate _

Tensile !

Aging Cycle Yield Strength at Strength Elongation Reduction of

_F Hr. Orientation 0.2% Offset_ ksi ksi in 1 in. % Area, % _--

950 2 Longitudinal 212.2 223.6 12.3 60.8
209.3 220.1 i1.9 61.6 ""

208.2 219.1 l1.5 62.O

Avg. 209.9 22O.9 11.9 61.5 }!

950 4 Longitudinal 214.1 226.9 12.6 62.2

216.2 228.7 12.h 59.2 [|

213.9 225.3 12.___o 59..___55 !l
Avg. 214.7 227.0 12.3 60.3

Transverse 219.2 230.7 12.0 58.0 _I
218.6 229.8 13.7 58.5 _

219.7 231._..__2 11...4h 58.7

Avg. 219.2 230.6 12.h 58.4
1

9 50 8 Longitudinal 219.5 230.3 ii. 7 59.4
219.1 229.9 12.5 59.5

X 218.7 230.5 12.9 597 i
!

Avg. 219.1 230.2 12.4 59.5

950 16 Longitudinal -- _ __ 7 i
)

-iAvg. 222 235 12. h 61.2

950 2h Longitudinal 227 234 12.0 55.4 -"

226 233 11.2 55.0

22_! 23__2 13..._..£o _ .._.._4 :

Avg. 225 233 12.1 55.6

Transverse 220 228 13.9 61.5

221 229 13.5 58.5 ii

21_29 22_.29 1_.__£o 6.2__/i 1.1

Avg. 220 226 13.8 60.7

Effects of Specimen Orientation, Aging Temperature, and Aging
Time on the Tensile Properties of 0.6-in-thick 18%-Nickel B

Maraging Ste_elPlsre, Mill Annea_d at 1500eF for i hr; Republic M
Heat 3920556

u

Figure 8, Sheet 3 of 3
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Plasm-Stratn Pl_ctu,_ Toumhness S%ress Int4n4_L_r F4_%orck Dep._
in. lb/in. 2 1000 psi in.

(z) Gnc3(3) Onc_(_) %c(5) xncz(z) xnc2(2) K.03(3) r_c_(_)ah(in.) (/_) So(in.)(5) Oncl Uric2(2) Zlo(5)
, , .

.2o5 - _6 - _56

.20S 1_73 - _ - 1_9

.27o _,__o . ,,e_Z .

Avg b31 Avg b06 Xvg _S6 A,g K18 *vg _7'r AvZ _ Avg 101 Avg 118 Xvg )/3 *Vl_ 120
.21o .... 336
.260 399 - 399 - D0
.2/_0 279 . JOl . 36O

.225 30_/2 __ 29o - __!

Avg 327 Avg 330 Avg 372 200 Avg 100 &q 106
•191 .195 312 321 356 357 .367
•166 .195 31.1 325 363 363 387
.z?6 .,9_; 280 2sm .332 323 _j
.2_ .a30 _-_ 30_1 .35_! _ 39_

avg 30h Avg .31.2 &vg .351 aVg _7 avg 38.3 Avg 96 Avg 97 avg 10.3 a'1 103 a'1 10B
.320 h96 3_ 358

.]73 .2_ 252 2_ 2o9 _7_, _,
•_ .2_ 2_ 27._6_ _o__ _oz _6__.s_......

Aq .358 Avg 308 Avg _ I Av_ 330 A'1 1_02 Av_ lob Av_ 97 Av_ 103 aq 100 A_ 111•39_ .220 256 26_ 290 29) .35h
.2_2 .195 5;78 5;35; 602. _;65 366
- .170 238 201

•215 .235 _ ,320 _ _ 326

Avg _h8 AvE 330 Avg ]_.5 Avg E00 AvE _. _.vg 10.3 AvE 100 Av8 102 AvE _ Avg 105._o6 .zg_ .397 I,o5 _ J,J,8 _o5;
•235 .2J6 _06 385 1,23 _ _57
• 257 .2,hO K13. 362 _536 .399 J_8.3
.2:_ .2_o _ _..! ._ _o _n_!

Avl ltl.2 Avg .393 Avg _ AVl _,27 Avg hs;h av_ 112 Avg 109 Avl 116 AWl _ A'1 107.2_ .280 .3_ 290 386 _ _3
.19_ .225 273. 282 3.1.2 .311 383
•263 .285; 31_ 291_ .37h .33A 392
• Lw_9 .2_q 287 280 309 300 3_9

•_ .23s ___ _9 _ _._ _ .......
Avl 299 AVi 297 AvI .330 A'V'I__ A_ql _ Zq _ Ave 95 AVll _ *vg

.2_, ..3_o . A_

l .2_ ,325 _ 638 l_.? _4_
•,_ __, _ ___ __, _ .....

i Avs _ A'_t _ AvE 5_ Avll 5_57. Aw_ _1_ kill 1_1 A,i _ A'vll _6 A_ _ k_

.2_ 2_ . z_ . &m

._o ,86 . _ _mmm

a'1 _8 ,'1 n8 a'1 376 *'1 87 ,q 8a mm

Effects of Orientation, Ailing TL_e, and Temperature on
the Slow-Notch-Bend Fracture Toughness of Plate from

Republic Heat 396052_

Figure 10, Sheet 1 of 2
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.?; O£fset Wtd%h Depth Pro_o_to_ I_mtt Maximum
Specimn Aging G_c)e Specimen Yield b d Load (L) DeTlec. _e) Load (L) _ eb/L _q
Number -F - hr OnLent_tAon (4st) (in.) (in.) (lb) (In.) (lb) (tn.C/lb)xlOTM al(tn.)(1) a2(ln.)_

i_5WL 900-16 LongXtucLtnal_32 .600 .750 9500 .0203 9775 128.5 .18b,
R 5h5 ,600 .750 8100 ._172 8635 U=2 .226
R 5_.6 .6oo .751 7.COO .o191 81o0 153 .2_'J
R 557 .6OO .751 6_ ,O203 692o 19o .31o

R 536 90o-2h Lonffl_udtn_l2L_ .6oo .750 11500 .ozh? 12200 126 .17h
R 5_7 .60n .750 l(X'x30 .0230 112o0 138 .217
R 538 .600 .7_0 1(3000 .0222 11250 136 .2M.
R 539 .HY_ .75o IIO_O .0232 _500 121 .I_0

R 566 900-21, TMmsverse 233 .6_1 ,750 8250 o0197 8950 lh3.2 ,230
R 567 .('_ .7_1 9"150 .0211 9875 129.8 .189
R _ .602 ,750 7900 .01_8 9980 lh3.2 .230
e 569 .602 .75o 86oo .0i90 9"aho 132.5 .2oo

5_ 95o-1= Lon_tu,'Hn_. 229 .6oo .7_o i3ooo .o2b,7 _z.C,o 1.lh ,lo6 :
_. _9 .6oo .750 9500 .02i6 11225 138 .217
n $5O .6oo .751 9_5o .o236 995o 153 .2_
x 551 .6_o .751 97o0 .02_7 lOEB0 153 .25o

570 950,_ Trm_m,erx 232 ,602 .750 6500 .O173 7770 160.S .265
% R571 .602 .751 95o0 .0210 101ao 132.8 .20o

;t 572 ,6O2 .7_O lOt60 .O20_ 11565 n6.o .)_o
x 573 ,6o2 .75o 89OO .o_o 91ho _8.o ,25O

n _66 95o-8 _onCi_udirai _9 .600 .75i 73no .OZZb _o35 _ .3O2
x :)6? ,59_ .?5o ioooo .023Z Z1065 13S .2Z6

l I II i ,
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NASA CR 72126, Appendix

_lAme4t_ln FT_ure TouJrela Streoo IntenalLty Fa4:t,4_
NotCh + Crack Depth

2) ,3(,..)0) _(tn.) (_) ao(in.)(5) Oncx(z) 0.e2(2) r_c3(3) o.c(_) _e(_) %,Z(X) Xu2(2) X.,30) X.%(_) KXc(5)

:.z7z, .z76 .z76 .2oo 293 3o_, _, 326 _o_
.226 .221_ .22Z .2Yj 3Ze 318 .357 3h6 390
.,sz .2L,9 .2_ .27o 359 3_o :_? :352 _,:37

Avg 378 ArK 3b,2 Av& 353 ^vg 372 Avg h?l AvE 107 Awl 102 Avg I0_ Av&106 Avg XX)
._2 .2.78 .l?_ .1_ 1,O0 _0 _1 i,_ ._,3
.2)h .2_ .2_0 ..a25 _o 1_5 h_t, 1_5 559
._o_ .z_5 ._ .2Z2 hZl_ h26 h_ 1,35 59a

Avsc39_ Av£ )96 Av_ h6_ Avg h%0 Avg 512 Avg 109 AvB 109 Av_ 118 Ava 117 Av| X_h
.?3O .228 .225 .2_0 3_A _O 377 366 h20
.180 .182 .)_3 .21_ 321 333 ,)72 369 1,_78
.2BO .227 ._2b, .,,.q" 3Xb hSh _ 333 38/.s
.19J .195, ,1% .230 27.3 262 31'7 318 520 .....

Avg 313 Avg 35". Avg 352 Avg 3_6 Avg _S ArK 99 Avf XO_ AvE 10_ Avl 102 Av_ 113

•.2_0 .2_0 .2h7 ._0 _ _M 562 5_8 8.15
•250 ._ .2_S .275 60). _..! 61I_3 588 7S___ .....

Avg 513 Avg l_B2 AVlI 539 AVll 520 Avg 663 AVI_121, Avll 121 AVll I26 AVll126 kvg 13'9
.765 .26_. .262 .275 320 275 _ 311

.,_o .,_ .,_ .,_ E_, ___ ___ __ __ .....
Avg 36? kvg _ Avg bO) &vg _ Avll 532 A_ K 10b Avl_ 103 Avg 113. Aq 108 Aq._ ._ ._ 6_ _ _?z _,

._ .,;; .,_ .,_ _ _ _ _ ____ .....

Avg 53_1 Avl J_5_ Avl hg_ Av I 5JlO AvE _ A'v£ 1_ p Av I ]..18" Avll 123 AT I 127 Aali.2._ - ._ 37z - 522 -
_27! .265 _,2z h_ _?

.22O - ._0 386 36O - _
. .xee - .nS _ __- __/ __- _-_ .....

Aq 363 Avl )?Is Aq _ A,vE h_lll &Vi ¢ AVI_ IO5 ki t 106 AV I 107 A'Vt _L02 Av_ 1_._o

._o ._97 ._ ._5 )9O _ _ _ 5_

.,_ .,_ .,_ .,_ ___ ___ ___o ___ s___ .....
Art J63 Avll )(Id) Av E 111.1 Av E _ &vI _ Aq _O_ &v_ _LO0 Av I lO_ Avl 1._ A_t ]._

.o73 - .L_o -_. _- .:_ _.- 5_o .....

Av8 ,_) Aq ll_) Art 5_1_ AVll _ aq 5')3 AvE 3..3) q _1_ q _1_ q _ q

._n ._ .n_ ._)5 _ _5

._o .,_o ._5 .:mS _ _ _ _ 5_

._ .m ._ ._ __ _ _ _ _ .....

Effects of Orientation, Aging Time, and --mperature on the Slov-
Notch-Bend Fracture Toughness of Plate from Republic Heat 3960_2_

Figure i0, Sheet 2 of 2
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I NASA CR 72126, Appendix B

{

.

i Specimen Fracture Toughness In-lb/In2.

_. Orientation/ Method of Agin6 Time (Hr.)
Aged (°F) Calculation 4 Hrs. 8 Hrs. 16 Hrs. 2_ Hrs.

f
Longitudinal Spring Const. - 385-505 303-363 266-453

( 850 Avg(lO)437 Avg(12)335 Avg(8)3_9

i Bueckner - Z_22-568 307-394 358-Z_79Avg(4)_77 Avz(_)383 Avg(4)_02
I

Transverse Spring Const. - 279-399 - 2%-601

850 Avg(6)328 Avg(12)393
Bueckner - 336-_3 - 326-"05

Avg(4)372 Avg(_)362

Longitudinal Spring Const. 362-463 427-638 318-367 414-49_
Avg(16)4-_0 Avg(10)511 Avg(8)3_3 Avg(8)_7

I Bueckner 405-483 _13-501 390-_5_ h_O-_9, Avg(4)45_ Avg(_)_38 Avg(4)421 Avg(_)512

[/, Transverse Spring Const. 243-386 - 273-45_Avg(16)309 Avg(16)3h2

Bueckner 300-583 3_5-4_0 - 384-478

Avg(5)361 Avg(_)376 Avg(4)4e5
Lo-gitudinal Spring Const. 397-613 _38-499 335-_2 _36-707

950 Avg(12)51h Avg(4)_70 Avg(12)389 Avg(7)568

i Bueckner Z_82-83._ 432-582 512-6_2 520-683
Avg(4)643 Avg(3)546 Avz(_)566 Avg(_)593

[i  ran,versespringcoast. - 363-6o9950 Avg(12)377 Avg(12)377 Avg(12)_7

Bueckner 310-569 _57-_79 - _90-593

_ Av_(_)_3_ %vg(5)_56 Avg(_)5_2

",i *Values in parenthesis indicate number oE tests in computing the average.

:tf _

Summary of Plane-Strain Fracture Toughness cf Plate from

I Republic Heat 396052_
Figure 11

!
Oil J I iilili
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NASA CR 72126, Appendix B

_ot_hP!usCrackDepth Plane-StrainFractUreToughness Stress Intenslt_Factor

ebA Effective ,e,_ured in. Ib/14.2 i0_). psi in.

(In.2/Ib)xlO'8 el(In") ao(In.) Gncl*(1) Gncl*(3) KncI KIc

].66 .296 ._69 501 628
1_2 -193 .232 _99 609

' 150 .2t_ .238 _76 577 :-

I_6 .2oz .228 Avg'--7 Avg--_-1 L_3 136

I_O .187 .21_ _78 509
128 .£83 5_
zh9 .21C ._3 J*50 572

1_7 .20:, -239 Avg"_'-I A'vs* 118 128 -

132 .18t _6o
I_0 .IE6 .223 378 _3_
I_9 .211 .2_8 388 511
153 ._,2 .25_1 336 _0

Avg"'3'3'3'3'3'3'3'3_-- avg_ 1o5 118

z_8 ._6 .232 5z3 6o5
z69 ._ .271 523 638
166 .257 .270 ETZ 590
189 . _o]. 666

Avg_ *,_-_3-- ,o] z3z
!

125 .171 k_7
].t2 .zge .2z8 &25 5o2
1_'9 .181,. .L_)T 50T . 513

,o., .A _ L_ ]-33

•203 ._8 500 5"m
165 ._'53 .L_/'5 &63 61T
l&o. .191 ._'_ 93 61o

-- , ',. zto ._87 .m6 _ ._.• 12& 133
\

',, t 19_ ._3 ._6 kz5 5z_

_-+4 z_5 .z_ .s_ _63 576++:;+ t_o .zffr .m.3 ._.'r 93

"" _ 133 .167 .206 .!_-'_L*(2)_76A A_ 537 12o ]27

IkT .206 ._o &17
z33 ._67 .mS _ *(2) 5_3
]._ .z6z .].99 _e9*(z) 519

z_ .,65 .zu. A,t_*(Z)_ _O

•65 ._ .s6o 1,77 56e

_7 .206 .Ira3 &97 %6

_ ._0 ._33 ._6 551

.I"f6 .PA3 ._&3"()a()2 1,83Z33 ._'r .2oz .%]8

.z69 .zsb 6o9,(=1 _r

_o ._ ._ _,o -(_)
I_o am _ l_3

tee
]k9

. =, ,,.@_ . .

Effects of Orientation, Aging Time, and Temperature on the
Slow-Notch-Bend Fracture Toughness of Plate from Republic

, Heat 3920556

i IFigure 12, _eet 1 of 2 !+ "
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,_ OtfNt w_lt_ Depth Propoz_loM1 L4_Lt )l_xtmum
$I_e_L,_ XE_ Cycle Notch Yield b d load (L) Defloc. (e) Lead (L) _ eb/L , Earfecttve

aim- or,.- _- Lo_tto. (k.l) (_,.) (_.) (Zb) (:L,.) (Zb) (_._/Z.b):XO"a _;(_.)_i_ a2(_.)L29 a3(_,)(3)

660 8.504 Lnr_l t_dl_ 211 .575 .?h9 9000 .0230 1_)0 1_7 .218 .212 .211 .._

661 .576 .";h9 9000 .02AO 10.._0 153 .23h .227 .2_0 ,_662 .576 .7&9 9800 .0238 10(100 1740 .198 .193 .189
663 ._6 .7h9 loeO0 .02_ _ 1.30 .162 .162 .1_9 ._
(_ .576 .7h9 122oo .0_?7 13350 131 .164; .166 .z,r_, ._

680 8.504 Tnma,m-N 21_ .5"r7 .751 10300 .t,_72 11300 152 .231 .22k .227 .:;
•57"/ .75.l 9750 ,0Q55 1(3800 151 .229 .222 .223 .:
.57a .75z )o75o .02_;8 ]1800 ]L39 .]95 .].90 .le_

683 .57'7 .751 9750 .0260 10000 1.% .236 .230 .230 :;
684 .5"r7 .?51 9250 .0_53 100(30 158 .2_5 .2J,O .2kO .:

655 9OO-.8 Zax_ttgdtM1 218 .57J .7h9 103OO ._66 11000 1_ .22O .21k .216 .;
656 ._,7_- .749 9500 .0Q28 1_00 l_e .191 .188 .183 .:659 .576 .?A9 9300 .O_2A 11240 3,39 .19_ .190 .1_
6_ .576 .74_ 6500 .0228 9"740 205 .314 .320 .306 "/
659 .576 .7_o9 8600 .0236 9760 158 .2k5 .240 .2_0 .

675 _ t_amrse 220 .578 .751 8750 .02_3 95C_ 160 .2_ .2_ .2h6 .
676 ._8 .?_ 9_00 ._ 949O 16o .2_ ._ .2_ ._67'7 ._r7 .75l 9?.5O .(_5]. 1025O _9 .222 .218 .216
678 .578 .751 8000 .0_35 8325 172 .270 .270 ,268 _i
679 .577 .751 86OO .024? 89.5O 166 .aSO .257 .258

6&5 95O-8 LCmli2tud.t.mLl2].9 .576 .'_0 1_7_0 .0315 1770O 116 .09_ .].o9 .oig i
666 .576 .?_o 1_0 ._6 11225 1_ .210 ._0_ _ "_
667 ,576 .7h9 8600 .0241 9000 162 .2Y3 ._,6 .2_ ._
668 .5'76 .749 1OOOO .02_ 10920 1_ .19e .193 .1_m .
669 ._/ .7_0 lOeO0 ._6 1199O 137 .1_ .1_ ._ .

.5_ .?_z _r,o .re.z7 97oo z_ .am ._ ._oo
_le .59_ .?sz 1,_ .o232 Io_5 131 .16e .1_ .1_ .;
689 ._;_ .75_ 1o5oo .ORhO lo9_ 1)2 .l_a .169 .zs9 __

(].) _ _ Om_ llm! llme** .48_L,ye_. Os]4tmttloo _ aoe*teat_: q, 88.ao • XO'_s It ,, *21,%oo• 2o"6_ II, St_O.OO• 10"_

(8) seom_ asllbz_d_ Omm ares nme', _eZ_su. ozZJ_m_n Ou_ve Omstum, q. _9.e6 • Io'6! • --T_er • Io'6j 8 - 13o._6 • Io .6
(3) _-h_m oJ_ve _xudam zszm _ au_ nm

($)/dmt-I_mme Ilteld_ am14m_b l_t O_Ulmddm Om,_ Itm. O_we Ilgmld_ _.8.88 x lo'Y �$.llmt10"6 4._t-t x ]D'_ �T.1_3x _D'5

(x) z,_n_.e" _

t

i i i i i i i H i H r r ,,i,, _ ,
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NASA CR 72126, A_pendix B

Ik_ah • L_nk Denth
Iqeasur_ Plame.-StraLn Fracture Tf_nen $trtu InZenmLty Faeta"

(7) i.-Z_l_.: 1000pei
'_____')'_'____'5c_')_'.6c_.)_6,..(_.____°ci)ooc2c:*)_°o, _°(/*__°c,_o._(6_%(,)_ __2_°___"__a_ _ ___'_
:o& .215 .205 .235 /*3& &57 &/_ /*33 4,_ /.37 5,-_
:22 .232 .223 .250 515 /*gJ 5CQ _ 528 &38 59Q
,.86 .193 .18& .._5 &aT /*93 /*53 /.90 &],/* _ 576
L59 .150 .156 .195 _O9 .52.9 30B 589 _,_ 635

.155 .159 .1_ ,___5A_._6Kt_ _ _O _0 aZ_A "E 551 Av& /*32 _vI 52& Av8 /*39 AvI 570 Avll 581 Avg 3.1.9A_il 127 Av_ Av_6Av_SA_"_T1Av_

_9 .:*:.9 .219 .205 65O 6_ _9 5_ _ 5?0 532
215 .226 .215 .225 570 562 575 _22 _76 _O 561
L8_ .189 .lEt .205 _.'/9 582 519 583 &T& 629 57?
_ ._33 .zz3 ._ 616 _ 5_ _ 6_ 5a3 s6z

z_ ._z ._/* .:.50 6__6_6_6_6_6_6_6___,9!_ _ _ _ _ ,_..,,,,,Avg _ Avg 585 AvE_77 Av_ _49 AvE590 Avl 539 A vii '_'Av| _ "Av_"_'Avg"_ A1r_"/* Avil_'SAvg"_31
_o9 ._n9 ._o8 .225 58:* 6o5 627 _':/* 606 573 639
LBI .187 .180 .21o 379 /*_& /*01 ' • _ /*95 &?9
1.83 .189 .l&1. .2/0 375 /*39 391 ' 358 /.7/* /*59
Ii? .307 ..W.9 .310 685 /*97 589 : ._ 57:) 523

% 9.35 .2.A2 .23/* .255 Av& 51.l A lvi /*_ Avll 49/* Avi _ AvI /*_ A _& Aq 123Aq 123Avi 123Avl 121Avll 'I_'3 Av|
_z_ .2_7 .2A1 .2&5 567 513 _ &75 578 &31 5_
_39 .2/,5 .239 .2/,_ 6_/ 567 564, 518 627 /*72 570

.220 .gO_ .210 529 550 558 5]/ 5/*0 510 /*96

.a_ .a6_ .a_5 6_, 511 _z _,_ _ _5 515

avl 5% Avll 536 Avg 590 Avl _ Avs 588 AVl /*55 avI 538 Avl l,._AAvli_-g _Vll _ avll 133 A-II _ Avii

.076 .112 .1.I.0 713 917 (-) - --_, 87? 992 5(_
_L96 .2_6 .195 ._aO 520 5611 558 5_7 5.9 570 601
._,J_. ._9 .2&3 .255 5_ 5o5 52o _ _73 _
_L_ .1% .le& ._o5 _.& 51/* &?3 51o /*32 _7

-- .185 _ E_)&/*?
AVE .%7 Avu,-_ AvI 507 Avi 528

**_67 ._65 .166 .185 &79 59g &33 638 _ 69'7 538
z&0 .2/.5 .239 ._'/5 510 /*_6 &55 &1.8 _6 380 592
1_ .2o5 .1% ._65 366 &o7 399 395 369 k]3 616_ .1_ .15, ._ 3_ _ _ _ ,,, _,o _25

.t62
Avl _ ArK /*90 Av_ _.,, AvI

w,,,p,

Effects of Orientation, Aging Time, and Temperature on the Slow-

Notch-Bend Fracture Toughness of Plate from Republic Heat 3920556 ,

Figure 12, S_eet 2 of 2
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NASA CR 72126, Appendix B

Specimen Framture Toughness In-lb/in2. "

Orientation/ Method of . Agin_ Time (Hrs)
A_ed (OF) Calculation 4 Hrs. _ Hrs. 16 Hrs. 24 Hrs

Longitudinal Data Smoothing - 433-502 476-511 450-478

850 Avg(6)467 Avg(4)497 Avg(3)461

Bueckner - 526-667 577-628 509-572

Avg(5) 581 Avg(4)601 Avg(4) 543

Transverse Data Smoothing - 512-649 - 336-388

850 Avg(lO) 563 Avg(3) 367

Bueckner - 532-615 - 434-511

Avg(5)569 Avg(4)461

Longitudinal Data Smoothing 471-523 391-627 463-543 415-517

900 Avg(3) 502 Avg(lO)496 Avg(&) 506 Avg(4)476

"_ Bueckner 457-526 459-639 558-617 514-576

Avg(4) 589 Avg(5) 526 Avg(4) 589 Avg(4)537

Transverse Data Smoothing 425-534 4_9-607 - 417-529

900 Avg(3)489 Avg(lO)539 Avg(4)_76

Bueckner 457-526 496-579 - 480-553

Avg(4) 589 Avg(5)538 Avg(4) 519

Longitudinal Data Smoothing 477-502 408-587 487-609 463-540

950 Avg(3) 492 Avg(8) 518 Avg(3) 533 Avg(3) 504

Bueckner 502-602 496-601 483-500 526-698

Avg(4)553 Avg(5)534 Avg(4) 514 Avg(4)595

Transverse Data Smoothing 451-543 395-455 - 470-._39

950 Avg(4)496 Avg(I:)417 Avg(_)_96

Buee_Ler 483-551 525-616 - 457-576

Avg(4)517 Avg(5)589 Avg(4)

*Values in parentheaes indicate number,of tests in computing the average.

Summary of Plane-Strain Fracture Toughness, Plate From

Republic Heat 3920556

Figure 13

ttl,i ii ,i i i itl i im i t i IF II
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NASA CR 72126, Appendix B ._

Solution Annealed (1500°F - 1 hr) and Aged Conditions
J

Fracture Toughness
W/A (!n-lb/in._) ii

Aging Cycle Yield Strength Test Temperature_ °F
Temp °F Time, Hrs. Orientation 0.2% Offset, psi -i00 Rt 200 400

850 8 Longitudinal 238 798 948 968 1321 _i
766 9681231 1141

_.'ansverse 2_8 577 _13 722 780

526 682 7_3 995 _ L-
55-T _ V_

900 8 Longitudinal 239 745 1072 1182 1426
84O 94O 1472 1410
7-_ _ 1327 i-_

Transverse 244 652 786 873 852
631 671 93_ 1025
_-_ _ 9o--_

900 24 Longitudinal 228 1386
1701
133o
1292

Transverse 233 1047
915

1o84
991
ioo9

950 8 Longitudinal 219 lO&7 12822004 1643 }
922 1430 2212 2230

Transverse 218 720 1056 104& 1490 I_

U
B

Effects of Specimens Orientation, Aging Temperature, and B

Test Temperature _ the P_c_w..ked. I_lpS, Ct Fracture

Toughness (M/A) of Bepublle Heat 396052h _,FiKureIk

i i n i iii] i _ "f i H i
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NASA CR 72126, Appendix B

Yield Strength
Temp. °F Time, Hrs. Orientation 0.2% Offset, psi -lOO Rt 200 400

850 8 Longitudinal 211 ll21 1417 2255 2197
1046 1678 149± 2028
Yo_ _5-5r_YsV_

Transverse 214 909 1630 1752 2117
925 1565 2309 2064
91--V159--V2-535 2o9---Y

900 8 Longitudinal 218 1043 1425 1410 1774
1012 1594 1594 2785

150--__

Transverse 220 _91 1296 1410 1804
894 1384 1424 2409

900 24 Longitudinal 233 917 1266 1313 1680
983 1326 1633 1744

1330
95---_13o---V_

Transverse 231 1189 1606 1810 2193
1352 1749 1987 2266

1781

127---5171---__

9=0 8 Longitudinal 219 924 1352 1574 1633
8O6 1300 1377 1913

-B_ _ i-_ 1773

Transverse --- 865 1207 1373 1655
864 1333 1465 1666

Specimen Size .575 x .394

Effects of Specimen Orientation, Aging Temperature, and

Test Temperature on the Precracked Impact Fracture Toughness

(W/A) of Republic Heat 3920556 !

Figure 16 !
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Element Comosif_ionewei_lhtpercent*• _ ,

C 0.025

Mn 0.08

P 0.OO4
i

S 0,006,!

Si 0,087

l NI 17.98

t Mo 4.32

_ TI 0.15
Co 7.75

I AI 0.08

t , I o_
Zr addedduringmelting O.02

Co* 0.06

I
i * Averagedfromfour lo_tlom on the plate pottem

• * AddedIn Incrementlof O.02

[

Mill Certified Ana/_sis of Chemical Ccmpoeition, LuMens Plate

I a-599-i
Figure 17

I
m mm I _
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OVO1

J
Typical Load vs Strain Curve for 5low-Notch-Bend Specimens

Tested by 5,m Sbtpbuildi_

Flare 19
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Tensile Data Ob_a/ne_ frc_ Lukens Pl&_e R-599-I r

Figure20 L
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Effect _f _ing Temperature an_ Time on the Ultimate Tensile
Strength of Lukens Plate, Heat R-_99-i [

Figure 22 [

i
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Effect of A_tn_ Time and Temperature _a the Ductility of
Lukens Plate, Heat R-599-1

F'J.gtce 23
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I

t LongitudinalSpecimem TramverleSpecimem

A 8_OF _ 850OF

I 0 900°F 9 900°F
- O 950OF _ 950°F

tl
I'

500 -

I* ^%

_ 400 - " S "/

31111 -

_ _ _"
l °

I

" 5 BendSpe©imem& 3 TemileSpec;memPerDataPolr*0 I I I I ,I
200 210 220 230 240 250

1, 0.2% Offiet Yield Strength- (ksi)

I

Plane-Straln Fracture Tougl_ess vs YLeld. Strength for

Lukens Plate Heat R-599-I ,
FlS,ure 25

|
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%

ii
m

Effect of J_J.n_ Time end Temperature on the Pl_-_m£m
Fracture Toughness of Lukens Plate, Heat R-_-I 51oe-

Notch-Bend Specimens

F_gtu_e 26, _eet 1 of

T
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222N_

U _ct of A_ _ _ Telemetre _ _ Plmm-St.-,atn Fracture
Tou_h_88 of Luke_ Pla_, _at _99-I SIo_-N_-_ Spec2me_

I ,
Figure _ _eet 2 of

I
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Ef_ct of Agl_ Tlme areaTemim_ on the Pla_-_in Fracture
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Figure 26, _eet 3 of
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Effect of Aging Time and Temperature on the Plane-Strain Fracture
Toughness of Lukens Plate, Heat R-599-I Slow-Notch-Bend _*pecimens

Figure 26, _eet _ of
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500 -

300

c 5 specimensper data point
0

200 ....

250 -

•- _

230

__ 220 A 850OF

210 -
,- a 950°F

200 , I I _ "" , t3Speci_datapoint0 2 4 6

Marag;ng Time - (Hours)

P_ne-Stratn Fracture Toughness and Yield 8tre.ugth vs
J_raging Time for Lukens Plate, Heat R-599-1 Longitudinal

Test Spec_ens

Figure 27
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i

( 400 -

O Gn¢

300 ,_ GIc

_l • 200 --- Gnc (Spr_ngComtant)_ GIc (B_eckner's
Analys;s)

tl 5 SPec;m.mper DataPoint
25O

I

• 230

_ 210 _ 850°F
o 900OF

a 950°F
_ 200 0 2 4 B 16 S ¢_mca ata Point
O

i. Marogi_ Time- (H_.)

[
Plane-Strain Fracture Toughness and YLeld Strength "as

I P_rag:tng T:lme for 5ukens Plate_ Heat B-_-l _ransverseTest Spectrums

i Ftmzz"e 28 *
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500 -

400 - El Gnc
"-" GIE3 C --

I
c

300
i/ _ _GIc -- Gnc (SpringC.omtant) -'k

" '-_= _'_""_Gn c -- -- GIc (Bueckner'sAnal)sis) -_

200 -
14.

=
E
4-
tn

o 100 - _ 850o1=
=- o 90001=

a 950OF .|

5 Specimem Per Data Point
0 I, I , , I

0 4 8 16 41
h_aragingTime (Hours) S

|
N

Plane-Strain Fracture To_hness and Yield Strength vs w

Mara_ng Time for Lukens Plate, Heat R-599-1 Transverse

Test Specimens I'
Fibre 29
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A 4OO%

!
c

o_

"I_-_ ----48
O 300 -
! (9"--.....

200 -

u -- Gn¢ (Spring Constant)
E GIc (Bueckner'sAnalysis)
c

e.

E
L_ 850OF4,.,

100 -
•-e 0 900°F
0

_" a 950°F

5 Specimem Per Data Point

0 i ...... i . I .... J ,
0 4 8 16 32

Maraging Time - (Houm)

Plane-Strain Fracture Toughness vs Maraging Tiwe for
Lukens Plate, Hea+.R-599-I Short Transverse Test S_ecimens

Figure 30
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Allegheny Ludlmn Comparison of Tensile Properties on _,
Solution Annealing at 1500°F and Resolution Annealing
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Figure 31
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Allegheny,L_lum Comparison of Tensile Properties on
Solution Anneallng at 1500°F

Figure 32
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0.2% Offset W/A in-fb/in 2

Aging Cycle Reannealing Yield at RoomTemp.
Plate De$1_nation Temperature, "F Time, hour/ Temperatumf°F Orientation Strenjlth_ksl Except as Noted*

24998-1 IL_01 900 4 1600 Longitudinal 219 * 602
11.202 900 4 1600 Longitudinal 590
11.203 900 4 1600 Longitudinal 589

_'_ Average

25000-6A 11.210 .aO0 4 1600 Longitudinal 219 * 496
11.211 900 4 1600 Lor,gltudlnal 517
IL212 900 4 1600 Longitudinal 525

Average

25000-1 11.219 900 4 1600 Longitudinal 216 * 652
11.220 900 4 1600 Longitudinal 630
11.221 900 4 1600 Longitudinal 639

Average

25000-6B 11.228 900 4 1600 Longitudinal 219 * 588
11.229 900 4 1600 I_gitudinal 561
11.230 900 4 1600 I.ongltudinal 568

Average

24998-1 IL204 900 4 1650 Longitudinal 218 826
IL.205 900 4 1650 Longitudinal 906
11.206 900 4 16.50 Loeqpitudlnal 839

%, 857 Average

25000-6A IL213 900 4 1650 Longitudinal 219 576
11.214 900 4 1650 Longitudinal ,575
11.215 900 4 1650 Longitudinal

565 Average

25000- I 11.222 900 4 1650 Lo_ltudinal 217 811
11-223 900 4 1650 Longitudinal 843
11-224 900 4 1650 Longitudinal 891

Average

25000-6B 11.231 900 4 16.50 Long',_udinai 220 652
11.232 900 4 1650 [.ongftudinal 665
11.245 900 4 1650 Longitudinal 603

Average

24998-1 IL207 900 4 1700 Loe_gltudlnal 221 763
IL20O 900 4 1700 Lorcpltudlnal 788
11.209 900 4 1700 Lor_itudlnal 783

778 Average

25C00-6A 11.216 900 4 1700 Longitudinal 221 525
IL217 900 4 1700 Loegitudlnal 356
IL218 900 4 1700 Longitudinal 557

4-'_ Average

25000-1 IL225 900 4 1700 Longitudinal 219 805
IL226 900 4 1700 l.o_qiltudlnal 819
11,227 900 4 1700 Lo,gitudinal 84,3

AverSe

25000-60 IL246 9(20 4 1700 Longitudinal 219 595
11247 900 4 17100 Longltudlnal 649

"i IL248 900 4 1700 Loqlltudlnol 594613 Average

• NOTE: Temperature_ -40eF

T
J

W/A Values frum'Impact Specimens from Crop Ends of Four
ALl.e_emy Ludlum Plates; Specimens Re-Annealed at 1600°F, and 1700°F

_tg,ure 3_

ii i ii i i i ii i i i r i i rl

1967020705-226



NASA CE 72126, Appendix B

• Aging Cycle Specimen W/A ;n-lb/in 2
Desi_nation Temperature r "F Time, hours Orientation Width t inch -40OF RoomTemp. +200OF

IL291 900 4 Longitudb_ol 0,598 846
IL292 900 4 Longitudinal 0.598 808
11.293 900 4 Longltudl naI 0,598 782
11.294 900 4 Longitudinal 0.598 851
IL295 900 4 Longitudinal 0.598 1090

T_ Avg.

11196 900 8 Longitudinal 0.598 822
11197 900 8 longitudinal 0.598 928
11198 900 8 Longitud;nal 0.598 861
11.299 900 8 LongltudinaJ 0.598 869
I L300 900 8 Longltudl naI O. 598 940

ll_ Avg.

11.31] 900 4 Longitudinal 0.395 865
11,312 900 4 Longitudinal 0.395 792
IL313 900 4 Longitudinal 0.395 841
11,314 900 4 Longitudinal 0.394 777
11,315 900 4 Longitudinal 0.395 753

Avg.

IL316 900 8 Longitudinal 0.395 812
_" 11,317 900 8 Longitudinal 0.395 837

IIL318 900 8 Longitudinal 0.395 989
111,319 900 8 Longitudinal 0.395 852
1[,320 900 B Longitudinal 0.394 825

_" Avg.

11181 900 4 Longitudinal 0.598 808
11182 900 4 Longitudinal 0.598 769
11183 900 4 Longitudinal 0.598 940
11184 900 4 Longitudinal 0.598 774
11.285 900 4 Longitudinal 0.598 683

Avg.

11.301 900 4 Longitudinal 0.395 664
IL302 900 4 Longitudinal 0.395 723
IL303 900 4 Longitudinal 0.395 718
11.304 900 4 Longitudinal 0.395 667
11.305 900 4 Longitudinal 0.395 713

Avg.

11,286 900 4 Longitudinal 0.598 1003
11187 900 4 Longitudinal 0.599 915
I11Wi 900 4 Longitucl;...aI 0.598 1121 -:
11189 900 4 Longitudinal 0.599 876
11.290 900 4 Longituclinal 0.598 1164 .

Avg.

11.306 900 4 Longitudinal 0.394 957

11.307 900 4 Longitudinal 0.395 884
11.308 900 4 Longltudlml 0.394
11.309 900 4 Lonllitmlinal 0.394 971
IL310 900 4 l,,,imgltudh'_ I 0.394 980

Avg. I

i"

The EffectB of Bpecimen Width on W/A Ve.l.ues, Allegheny T.ucl.lum
Plate 25000-].; All 89eci=ens Re-Azmee2ecl at, ].650°F

P:l.guz'e 35

I
i i HII r i i i i H
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c I
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Ccmparlson of Tenslle Propert£es of Republ/¢ Plates
Solution Annealed at 1500°F and Resolution Annealed at 1650°F

Figure 36
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Preliminary Tensile Property Data Taken from Seven Republic
Plates Before Solution Annealing

Figure 37
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i Effect of Solut$on-Anneal_n_ Te_per_ure c_ Gr_tn Size andRe-Crystallizatioa on Seven Republic Pl_teI; Perfo_ed Before Annealing

Figure38
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_ _ •

Solution Annealing Evaluation Tensile Property Data Taken
From Three Cameron Plates Before Bolutton AnnealLn_

F:14_are 39
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I Acceptance Tensile Property Data on Cameron Plates ,
Figure _0
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i li

Element AGC-34316(Urnits) SlabSection

c 0.08 o.o_ _i

O.10 0.07 _t
P 0.025 0.008

S 0.010 0.007

Sl 0.10 0.08

Ni 17.50/19.00 18.11

4.oo/4.so 4.25 f

co 7.00/0.00 7.m _i!
TI 0.05/0.25 O.17

A, o._.,s 0.07 l

TestMethods:

Conduetmtrle !I
CMntNle Mo, Cot Ti X-my Spectragmph

P, Si, AI WetProudum ilS Combustion

H
A

Chemical Analysis of Lukens Heat R-559

Fi6ure _i

, i f "_
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i

I Tensile Test Results of Specimens Removed from Forged Test Bars ¢

Figure _2

!
-g

m
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I=RRTIII6. STOCK _

ItL

Test Ring Locations

Figure _3

f
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[
U Test Specimen Orientation ,Figure h._.

I
1"
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Gradient Bar Microstructures, Magnify,cation lOOX

Figure _5

i i me el
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Mechanical Property Data for Various Solution Annealin_ Temperatures

Figure

1"
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0.2% Offset Ultimate Elongation Reduct;on

Yiold Strongth Tomilo in 1 Inch in Area iksi Strength,k01 % % _

*,,|, . i II

890 4 210.3 221.3 12 59 _1
209.5 221.2 12 60 :
209.6 =_1.0 12 58

890 8 220.6 231.8 12 58
221.3 231.9 12 58
220.8 231. I 12 57

950 8 210.7 224.5 13 5,5
210.,5 22.5.0 13 57

,, 209.9 224.5 14 56 !

850 8 216.0 227.7 12 59

213.8 226.6 13 60 i
214.8 226.6 12 59 !

850 16 228.3 239.6 11 58
228.3 239.2 12 57
228. I 239.0 12 57 I

|1 I i

Testspecimemframteatring Bafter ring wassolutionheat treatedwith part at
1625OFfor 3 hears.

AgLng Response EvaluatLon _ ,
FLare AT

I1
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m

: ----- ' i_10_J R:..-2 ,..__ , -- .._
L ., I_ m' l 1/
l.---J!: 4:, c fa-o_'----_- .... .r

0.3% Of_t Ultimate 0.2% Offlet Ultlmte
Yield TomlIo |leellatlon Reduetlon Yield Temlle |le_etlm Reduetlen

Tat Strensth Streqlth In I Ineh InArea Tit Stmnllth $tmnl_ In ! Ind_ In Am
No.._:.. ksl ial % % No. kill lal % %m m i rmlmmmmmm

011 204.1 216.6" 12 M 311 206,$ _.2 I1 dO
031 302.3 219.0 13 55 321 304.1 23:1.3 12
O_ 300.4 2111.4 10 _ _3 210.5 343.3 11 _1
042 _L_.7 331.2 11 m :142 _1.:1 221.3 12 .11

; _4 ]°/.118S_UI _raT R_O ) JhUI.FNI

i

0.316 Off_ Ultimate 0._/60ffmt Ultlmete
, Yield Temlle |lmiletlon Reduetlen Yield Ttmlle |leeeetlen Reduetle,
1 Twt Strength Smmelk In I Inoh In Area Tint Stnnltk Strenl_ In I Ineh In Arm

No_____. lal kll._.,__ % % No,._., kill lal % %

133 211.4 333.6 10 45 :1_ 307.4 321.11 10 45
i 145 307.7 2.0 10 45 314,1 206.9 333.11 II
! III 306.1 323.8 13 ,gP :111 :109.4 311.7 I| M

121 306.2 230.4 12 55 _1_1 302.8 233.4 I|

• (0.2,q_lndt Temlle_ It25OF, :1I_m, Air CeolSelutleq 1190eP,4 Hem, Air ¢dmlAge)

_oo: Temperatmw Tem_tZe Results ,
FL_-e 58

m
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_ m

Tilting Temperature
J

Precracked I_pact Notch _8; Orientation and Test
Temperature Effects

Figure _0
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• i| i

EI,ment .AGC-343. 16 (I.imits) Billet

C 0.03 0.017

Mn 0.10 0.02

P 0.025 0.018

S 0.010 0.010

Sl 0.10 0.02

,, Ni 17.50/19.00 18.20

Mo 4.00/4.50 4.45

Co 7.00/8.00 7.69

Ti 0.05/0.25 0.19

AI 0.05/0.15 0.09

Test Methods:

C Conductometrl¢

Mn, Ni, Mo, Co, Ti X-ray Spectrograph
P, Si, AI Wet Procedure
S Combustion

Chemical Analysis of Alleghe_ LudZ_ Heat 25005 _"

Fibre 51

_ I"
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I So_utxon Heat-Treating Evaluation, Intermediate
Section

Figure 52

I
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Solution Heat-Treatin_ _valu_tion, Exit Flange, II_
Figure _3
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Notch on O.D. Axial ImpactSpecimens

O.D°
Surface

AXIAL FORGING TESTRING CFA

_L

--Tangential Impact Specimens ---

RADIALFORGING TESTRING CFR

Axial Forgi_ Test Ring CFA_ Radial Forging Test Ring CFR

Figure P_
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Product Test Evaluation, Intermediate Section Tensile Test Data

Figure 55 t
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Product Test Ev_u_ion, Nterme_e Section, Room

I Temper_ure Precra_ed _arpy V-_ch Impact Test D_a ,
Figure _6
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Fibre 6O
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AGC'44313 |ntmnoeFlange Intermediate Intem4MIlate ExitFIo,_ ExitFlang4
Elewnts (Uml*s) 0UngA,,2) Seotlon(RingCTR)SeQtionRim(¢FA) (RingCFR](RingCFA)

C 0._ 0.022 0.025 0.097 0.O26 0.0_

Mn 0.10 0.033 0.010 0.010 0.017 0.012

P O.O'a 0.o¢1 0.002 O,OM o.0_ 0.0_

S 0.010 0.004 0.0_ 0.0m 0.o20 0.006

Si 0.10 0._0 0.0_ 0.029 0.020 0.020

Ni iAS0/I 9.0C 10.21 18.23 18.54 18.60 18.51
%

Mo 4.00/4.50 4.21 4.25 4.39 4.21 4.17

CO 7.00/8.00 7.34 7.61 7.45 7,61 7.60

1'I 0.05/0.25 0.19 0.19 0.19 0.19 0.20

Ai _.0_/0.15 0.090 0.055 0.060 0.120 0.100
i

T

!

Results of Test2ng Conducted at Lehigh Test Laborator2es |

FLm_re 61 t

f
I
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I _ 70-£n.-dta For_tnl_
Weld Test Plate

l_gua_62

!
I"
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0.2% Offset Ultimate ". .r:
Yield Temile Elongation Reduction

Aging Cycle Strength Strength in 1 inch in area
SpecimenNo. Temperature, "F Time, hours ksi ks1 % %

TTW-7? 90n 4 196 201 13 65

TTW-73 90:) 4 19.5 201 13 60

TTW-74 900 4 193 201 13 60

TTW-75 900 4 194 200 12 61

"- TTW-77 900 8 200 207 12 60

TTW-78 900 8 200 205 13 63

TTW-79 900 8 200 206 13 63

TTW-80 900 8 206 211 12 60

TTW-81 900 8 1.°6 201 12 62

J

]J

Report cf ?ensile Properties (0.250-in.-Round Tensile ]

Specim:_;, _:_ld Metal EwaluAtion - 70.5-In. Flanse

Flsure 63 I|. :

U
I"
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Test

Notch A_ln_lCycle Temperature W/A
SpecimenNo. Location Temperature,_'F Time, hours OF ;n-lb/in 2

60_ (Ladi_ Des.) Parent/V_tal 890 4 -40 474
013 ParentMetal 890 4 -40 485
623 ParentMetal 890 4 -40 478

Avg.

633 ParentMeal 890 4 RT 666
643 Parent Metal 890 4 RT 732
653 ParentMetal 890 4 RT 590

Avg.

663 PomntMetal 890 4 200 977
673 ParentMetal 890 4 200 818
683 ParentMetal 890 4 200 797

Avg.

IW-67 (Sun Des.) Weld 900 4 -40 1892
IW-6F.** Weld 900 4 -40 2267

Avg.

IW-70 Weld 900 4 RT 2645"
IW-71 Weld 900 4 RT 3003

Avg.

IW-75"* Weld 900 4 200 2909
IW-76 Weld 900 4 200 301|

IW-69"* Weld 900 8 .,.40 I."18 t
IW-74.* Weld 900 8 -.40 1956

Av..

IW-72 Weld 900 8 RT 2424
IW-73 Weld 900 8 RT 2203

Avg.
IW-77 Weld 900 8 200 2650
IW-78 Weld 900 8 200 2608

Avg.

900 4 ,.40 6_6IWH-$5** HAZ
IWH-._*6"* HAZ 9G0 4 "40 730

Avg.

900 4 RT 872IWH-,_8 HAZ
IWH-59 HAZ 900 4 RT 827

Avg. "_I_"

IWH.-63** HAZ 900 4 200 1147
IWH-64 HAZ 9O0 4 200 1243

Ave.

900 8 -40 667IWH-5TM HAZ
IWH-.62** HAZ 900 8 _ 606

Avg. "_

IWH-60 HAZ 9_) 8 IT 1175
IWH-61 HAZ 900 8 RT

900 8 _0 1172
IWH..65 HAZ 90O I1' _ MI

_,H-_ HAZ A,II"

* Hit twice before f_ll_re
** Slmclmqmwl_ 0.380 i_l_

Fracture Toughness (W/A) Values for Impact Specimens
from Entrance Fle_e for 120-SS Nozzle Shell (Lukens

Heat R-559) Welded with Armetco Heat 08_36 Wire

Figure 6_

i •
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i •

.G.o "Kno
SpecimenNo. Temperature,_'_ in-lb/,n 2 (1000 psi

BW-60 900 4 216 76.3

BW-61 900 4 272 85.7

SW-62 900 4 232 79.1
Avg._

BW-63 900 8 309 91.3

BW-64 900 8 225 77.9

" BW-65 900 8 319 92.7
Avg._

i i i

* Fromcalibration curve

o

Fracture To_hueu (Gnc) l_lm f_ Slov-Notcb-Bend
, Specimens from Entrance Flange for I_O-SS Nozzle
(LukensHeat R-559)WeldedWith ArmetcoHeat 08_36 Wire

Figure65
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MICROHARDNESSTRAVERSESUMMARY
(KNOOP HARDNESSNUMBERS)

. (500GM LOAD)
n,

RANGEOF HARDNESSRESULTS

IMax. - Min. Valueli

AFro.TopofWold

Condition HUB* HAZ ** WELD HUB HUI

As-welded 356-378(22) 410-415(5) 334-404(70) 387-400(13) 361-388(27)

Mamged 437-474(37) 496-503(7) 435-491(56) 491-532(41) 450-496(46)
(900°F/8 Hr.)

AcrossMiddleof Weld

As-welded 348-384(36) 374-413(39) 354-394(40) 378-388(10) 352-388(36)

,]@ Memged 490-522(32) 493-532(39) 44.2-487(45) 487-509(22) 470-485(15)
(900°F/8 Hr.)

;" Across0ottomof Weld!

As-wetded 340-396(56) 371-381(I0) 364-413(49) 376-379(3) 340..384(44)

' " Mamged 461-503(42) 474-481(7) 454-496(42) 474-511(37) 456-496(40)
_- (900°F/8 Hr.)

i n uH. -

i NOTES

Numbenin l_mnthewsmpmmnfdiFFerencebetweenmaximumand mlnlmumvalues

I WELD: limedon 7 to 26 Indentsat 0.040-inchIntolvals

HAZ: buNI on 2 to 5 indentsat 0.040-inchIntervals

f
[. HUB: lkmedon4 to 6 Indentsat 0.040-Inchintelvals

_ * Weld I_mt-umd_©ted_ (Immmotol) - HUll

i .l_,-etFe¢_l_ m,tol) - HAZ
ee, Weld (ix,,

I Weld in Forgrd Test Ring ,

is Figure 66

|
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MICROHARDNESSTRAVERSESUMMARY ..
(KNOOP HARDNESSNUMBERS)

(500 GM LOAD)
i

AVERAGEHARDNESSRESULTS "
iiii

Acro. Top of Weld
b

Condition HUB* HAZ** WELD HAZ HUE

As-welded 366 413 384 397 375

/V_mged 459 502 461 509 473
(900*F/8 Hr.)

AcrossMiddle of Weld
II

As-welded 363 394 349 384 369

%

Maragod 508 512 459 499 479
(900°F/8 Hr.)

AcrossBottomof Weld
ll|

As.welded 364 376 399 384 358

Maraged 482 4;8 475 489 478
(90(PF/8 Hr.)

NOTES

WELD: Basedon 7 to 26 Indentsat O.040-;nchIntervals __
!

HAZ: Bau_lon 2 to 5 indentsat 0.040-Inch Intervals : l

HUB: Bawdon 4 to 6 Indentsat O.040-Tnchintervals ii'

* Weld heat-unaffectedbase(basemetal) - HUB -_
** Weld heat affect_l zone _omemetal) - HAZii

.L

Weld in Forged Test Ring };
£

Figure "57

[
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/_xialImpactSpecimem

AXIAL FORGING TESTRING

ImpactSpeclmem

RADIALFORGING TESTRING

Precracked Impact Specimens for Maragin& with Nozzle Shell

: Figure _8

m
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0.2% Offset Ultimate Elongation Reduction ¶

Yield Strength Tensile in I Inch in Area
Forging TestRing Orie_at!on ksi Strength,ksi % %

i i i ,i

EntranceFlange A-2 Tangential 230.0 238.0 1! 51.7
232.5 240.0 12 52.2
233.0 240.0 12 52.0

Entran_ Flange | Axial 230,0 239.0 ! | 42.9
232.0 241.0 9 38.5
234.0 242.0 10 4o.8

Avo._ _ _

IntermediateSection CFR Tongentiel 230.0 240.0 8 34.6
232.0 240.0 8 33.4
230.0 237.0 11 42.0

Avo. _ 7JT-- "_ r

Int_l_ S_I_ CFA Axial 229.0 232.0 9 32.5
232.5 244.0 5 21.8

"_ 236.0 242.0 4 16.8
Avo. _ _" -_ _'-

Exit Flange CFR Tangentlol 230.0 238.5 10 39.6
230.0 240.5 I0 40.2
233.0 240.0 10 44.5

Exit Flange CFA Axial 2"30.0 239.5 9 38.4
229.0 239.5 9 2O.I
230.0 240.5 9 39.0

A_m._ r I r
i

Test Results of Tensile Specimens Maraged with the
120-SS Nozzle Shell r

Figure 69 a

mm
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J

..... W/A at
RoomTemperature

Forging TestRing Orientatlon in-lb/in 2
. , , i

Entrance Flange A-2 Tangentlal 728
732
736

Avg.

EntranceFlange B Axla I 516
478
451

Avg.

IntermediateSection CFR j Tangential 758812
•. 820

Avg.

IntermediateSection CFA Axial 614
; 6O6

643
Avg, _q"

Exit Flange CFR Tangential 733
752
784

Avg.

Exit Flange CFA Axial 635
638
637

Avg. _/'

Test Results of Precracked Impact Specimens Maraged with
' The 120-SS Nozzle Shell ,

" Figure 70
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kO

, r_l 0 0 J

0 o

cO u_
0 04

_i o o
• 0

0

olo_q,g|
_1 o

o

_ olo+_ o _
_ o

4-o

_1 _ 0
+

_, _I_ °Oh "_

.el

.,0

_1 °
• _o 0 ,_

G.)

_1 o o_
O O _+_

O O _ ,-_

o_ _ o _

_ _] -• _ i

II

Composition of 181-Nlckel Xaraging Steel Bar Stock I

Figure 71 [

f

1
I"
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< Etchant - T_arblos Magnification - lOOX

i

o

\,

. , .... / "' -.. -

\.. I \,

f ,,
• ' r_" -,x

\ \\ l"

Etchant - 10% Chromic Magnification - 100X

I i i

Ii

llnetched Ma-nification - lOOX

L
Typical Microstructure, Grain Size and Inclusion Comtemt

I of 2.5-in.-thick Bar Stock frc_ Republic Heat 3920556
Figure 72

I
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_ |

.635-_ _._o

2,_1,,o,,,I I I _1 2,_1..°., .,'1 t

•_8915°00_._ O

• _I

.255 �"i
-.003 _ I

2 Places ,28R Blend
2 Places ¢,

TensileSpecimen

..
I . •

.75o.+.oo2 }

I { ".oo_,..oo2X .60o.,.oo3 ,- _, _.

,_- 4.12 + .Ol =,
m

LoS-._ _-.oo5 .39bZ .6oo+.o03
, .O02X .oo3

2,,).0 "' :-

_r_k _ ZMpa4t _peeiMm A

]
Test Specimens

Figure 73

I" ,

I
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_tudLnal I_p_t Spsc_mw

[
s

Orientation of Specimens Taken from 2-1/2 _,r 8-in. Bar

Stock_ Republic Heat 3920556, 18%-Nickel Managing Steel
Figure 7_

I
m _
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Ultimate
Tensile

Aging C_cle Yield Strength at Strength, Elongatzgn ReducLion of .o_!
"F •Hr. Orientation 0.29 Offset/ ksl ....ksi in 1 in. _ Area_

900 8 Longitudinal 219 231 12.0 58.1 ?i
2z7 23± Zl.6 58.8 i!
22_! 23__/5 12.___8 58.8

.o

Avg. 219 232 12.1 58.7

e

Transverse 219 233 ii. 5 51.3

219 233 i0. _ _3. i ..

21__.88 2j2 lZ.1 52..__z
°°

Avg. 219 233 iZ .0 52.2

900 16 Longitudinal 220 235 12.8 _. 5 "i
219 233 12.4 58.8 • j
22_£o 23_! z2.___ 5_.__A

Avg. 220 233 12.7 58.9

Transverse 215 233 10.9 _8.7

218 236 12.0 5h.7 -.

Avg. 218 23& ll.4 50.7

_T

!!

Effects of Agi_ Time and Temperature and Specimen
Orientatio_ o_ the Tensile Properties of Republic ._eat
3920556, Grade 200, 2-1/2-in.-thtc_ 18%-;'_ckeZ_kr_n_

Steel Bar Stock _,
D_.,.e T_

_ ,
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0.2_ Offset

Yield W/A in-lb/in2

Aging Cycle Strength, Test Temperature, °F
°F Hr-- Orientation ksi -i00 RT 200 3_ _-

900 8 Tjongitudinal ol_-9 821 1133 1998 2091

83___5 108___2 1620 2041

Avg. 828 ll08 1809 2066

_00 8 TTansverse 219 69_ 1340 1351 1365
713 1633 1330 1836

Avg. 706 1487 1341 1646

900 8 Transverse** 219 599 1053 1170 1182

57_ 6lO5__ 5lO9__ 8

Avg. 588 1054 1134 1182

900 8 Short Transverse - 569 1065 1062 1366
618 1148 1240

Avg. 594 1065 1105 1303

i 900 16 Longitudinal 220 895 1262 1672 1998

883 1016 1621 1951

Avg. 889 1139 1647 1970

900 16 Transverse* 218 671 1393 1461 1265

i 633 1138 ].263 1188

_ Avg. 652 1288 1362 1242

I 900 16 Transverse** 218 708 844 1081 109268_ 3 92___!7114__ 2126__ 2

_vg. 969 886 1113 1177

I 900 16 Short Transverse - 630 933 936 1405
654 715 1048 1250

Avg. 642 824 992 1328

* Notch located in surface of bar.

**Notch located through the thickness of bar.

I_ Effects of Time and and Orientation
Agiug Temperature

of the Precracked Charpy Impact Fracture Toughness

of Republic Heat 3920556, Grade 200, 2-1/2-in.-thick,

r 18%-Nickel Maraging Steel Bar Stock

" Figure 76

nu _n nu,,,---, n m
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Notch + Crack Depth
,2_ Off lint Mtdth Depth ProporttonaX Limit l(axlmm Effective

or_ hr O_m_tat_o. ..(_,i) (_ ..Ltal=_ _ _ _-Db, • zo4

u 22 90o4 Lo_. 219 .su .754 9150 .0234 la670 150 .221 ._J_ .223 .2_
n _ .577 .750 %o0 ._37 10'760 _5 ._7 .201 .205 ._].
D _ .5"r/ .753 910o .o_3 1o22o 15_ .231 .2_ .2_5 .223
RE 25 .576 .752 10200 .o237 11780 I_, (6) (6) .170 .170
]P,B26 .575 .?'._ 99oo .o239 11670 IA2 .185 .183 .185 .184

RE 32 900-8 Tr_u. 219 .577 .752 670o .0165 8550 _ .1% .192 .1% .192
RE 33 .576 //37 7800 .0199 8530 I_B .211 .2_ .210 .205
RE _ .576 .735 1.160o .O2kl 13k5o 12o (6) (6) .1o6 .122
RE _5 .576 .739 711OO .(_ S_.O ].52 .222 .2_ .22k .2].5
aB _6 .57& .751 95a5 .ca_ lo5)o 123 .lo9 (6) .z]_ .126

RE k2 9C_O _me. 2_9 ._76 .752 6_0 ._17 7_,90 1% .298 ._ ._0 .3_
(_

k3 _teh} .575 .751 10000 .(_30 10e&O 133 (6) (6) .164 .16;
RE _ .57_ .7_2 6].0O _0179 7_0 _69 .265 ._. .263 .26_
lib/k_ .Y_ .752 9950 ._30 ,10_00 133 (6) (6) .167 .16_

46 .,S77 .7,_3 %75 .C_14 109OO 130 (6) (6) .157 .15:

lib 2"/ 900-16 lxq. 2_) .5T'7 .7_2 9100 .CL_6 12k50 131 (6) (6) .158 .16(
RE 28 .57_ .7_2 8025 .O185 10560 _:; 13_ (6) (6) .166 .1_
IB g9 ._77 .751 7&0O .GZ02 8900 x_ .239 .2_, .2k3 .23_"
lib _0 .$77 .7_2 _0O .01% 9e30 1_0 .189 .1_ .188 .1_
RE 31 .577 .7_2 _o0 .C_22 10_70 1)9 .207 .20_ .2o_ ._o:

RE _ 900-16 Trine. 218 .5_6 .T&O ?qJO0 .0196 7950 155 .232 .226 .236 .22'
RE 3_ .576 .7_2 7_90 .01&1. 8560 136 .186 .1_ .186 .18,
RE_ .576 .7_1 r_25 .oz_ 99eo lse (6) .(6) .us .].5:
RE kO .576 .7_1 6950 .0179 78_0 ]J_8 .zt5 .2oe .216 .2_
RIBkl .576 ,752 8850 .O199 _O 130 (6) (6) .15_ .15'

RE_7 900-_6 'J_me. 218 ._6 .7_ 95oo .(_.2o _(_.1o 1_ (6) (6) .16S .Z6,

,,, _ _ot_J_) ._?_ .7_ z._ .(_21 zo_ z_ (6) (_ .Z3_ ._,_
Is _9 ._TT .7P 9klO .(_o_ ].o'r/o ]26 (6) (6) .]37 ._,
RE5O ._T6 .7_ _0O .0_ 996O 13_ (6) (6) ._ ._6'
RE_ ._'_ .75_ e560 .0197 96a0 13a (6) (6) .16_ .ze

(1) I_L_e-lpod_5 eui_m _ttlql --_ll ._Urmt _m N_Llb_mttoa data.

(_) FdL_o-lpodL__ fdLttJLqi _mdLs_men.it _m cel:lLtwmt_Lon_tm.( ) F(m'-.l_t euem "tt_ll .dlqi tlret s_n r_L_LIx_t_lLondata.
(k) F_m-lzdat _ f_tt_ m_ ee_ run ealSbrati_n deta.

(I t _,_me_,, k, Lt_L_.(6 _ee _ILmi _ _ + It_est4_ C_mk_ lese than0.I76 1_b_.

I
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P1sne-Stra_n Fracture Toushnes8 ._tress Intenslt_1 Factor

Xeasm-od

.0(5) (_9 0,c1(11 _c2(2) c c5(5) on%U,) _e(5) _.c 1(1) _nc2(2) _,_3(3) _,_(4) xic(5)

.232 _5 _1 465 U,8 _%

.2_ 38'? _3 _J.5 _,SS 582

.263 513 _,71 53_ 459 650

.2_ _ _ 6A1 529 598

Avg4_ AvS469 ^vS 1,55 AvS_ AvS582 Avg]18 Avs 119 Av_117 Avl_122 Avs131

;238 226 230 196 2A3 292
.222 3_ 32& 30_ 339 35_
•132 _ _ 613 532 380
.23_ 368 334 356 31,0 _19

__ ....ArK 3--_ kvl_ AvK _15 ArK Av/; _ Avg 98 kv K 10"3 ArK 98 AvK _ kv K 104

.333 .%5 &86 551 476 561

• , .203 _ -- 623 502 496
, .290 _ 259 303 2,% 36_
' .193 _ _ 620 501 /_,9

ArK _ Avg 372 Avg /_.1.3 Avll _ Avg /.59 Avll 116 A'o-i_106 Avll 112 Av_l 115 Av| 3,..1.8

) .100 .... 362 _O& 333
.2.1.7 _ _ 273 32A 356

} .267 352 326 367 309 _9
.2_0 301 325 2"75 362 623

, ....A_ Avg 352 Av8 3_-_ A'v_[ Avg /,.1.0 Avg 104 kvll 1,].? Avs 99 ArK "lOk Av|

5 .237 333 30'7 368 297 373
.228 258 286 2kl 299 338
.].96 --- _ 3o3 359 355
.255 28_ 26O 256 27O 362

Avi 20"_ A¥_ _ Av_ 29_ Av_ _2.1. AV_ Avll 94 Avg _ AvS _ AVS 99 AvS

9 ._03 _ _ 382 357

3 .ZTZ -- _ 383 _63 389

9 .212 -- _ 358 62s
s ._._ .-- .-- 31o J_ _ __ __

Avl 353 Avll _ Avs &],3. Avll 1,l? Avll _ Avl

Effects of Orientation, _ging Time, and Temperature on the

Slow-Notch Bend Fracture Toughness of Republic Heat B920556,

2-1/2-in.-thlck Bar Stock

Figure 77
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,-I

.,-I

C_ Oh 0% 0

OJ OJ 0,1 C_I 0,I

o ?,

>
_2

I E_ E-1 .,I

Plane Strain Fracture Toughness of Republic Heat 3920556,

I Grade 200, 2-1/2-in.-thick, 18%-Nickel Maraging Steel Bar Stock
Figure 78

i'm .... ..---_ I = "-" il •
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)

!

Back-upGas Holes I
1/16-In.-Diameterand
3/4 In. Between Centers

Coppe_ I5/16-In._dius
Groove

I
1

Back-upG_s Manifold
(BaeM-upGas in thruNipple

Located at Bottomof Plate) ]

Water In

Water Out I

I
Welding Fixture ]

Figure 79
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i _ ii _ i , , , i ,llJ|

I

I,:, ,,, i i i i, , ,,,,,,,

2X Scale

VIEW SHOWING DOUBLE VEE WELD JOINT

-,i
' - _'amu(a) ....Trav_ wiro(bj "_o_ho_'" _ck-_ '

¢.f.h.
No. A_s Vol_s I.P.M. Speed A* He* Oas A*c.f.h,

i i ii i i lull ,,,, ,,,, , ,,H, i

I I 325 1o 8 8 8.5 _5 15
2 25o lo 8 _o
3 22._ 11 20 2_;

5 Oo 11 2o 2S
6 230 ii 20 25
? 250 1o 20 1o
8 2_0 11 2O _5
9 2bO _a _ 25
io 2_o _ 20 25
n 2_0 _ _ 25
i2 2z,o n 2o 25 e.5 35 i5

ii i ii i .....

l * "A" ,, Argonj He - Helium

(a) 1/8-i._h dimt_r thoriatMd tungsten eieot_odo

Weld Joint Design and Welding Conditions for Double-V

I Joint, 18%-Nickel Maraging Steel Plate Material
Figure 80

t
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VIEWSHOWINGSINGLE"U"WELD JOYNT

Pass(a) T'rav_l Wire (b) Toroh Oa. Back-Up Gas

No. A_ps ,Volts I.P.M. I.P.M. A* e'f'h'He* A* c.f.h.
m

1 IOO 9 8 IO Io ]
2 15o 9 IO
3 195 9 20

_ zo m
5 200 2O
6 225 "])
7

99 ] i

4 ¢n r r I IV

1* "l" - Argon! He • R;Ii_

(a) Z_8-imh di_mt4r 4_horiat_d tungeten elee_r_te
(b) 1/16-I_h di_r fillor wire I

J

I
I

Weld-Joint l_ign aod Wel_g _di,jLons for Single-U

Joint, 18_-Nickel Mating Bteel Plate Material I
Figure 81 J •
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_ .640 _nds.63_

" l,.,-', +.OCO T,,. .X / - +.OJ,) ,,,._ --

-,°.,03 \ 5 .._

2 'laces _- .28__lend
2 21ace_

Tensile Specimen

t Slow-_otch-BendSpecimen

" I F_ IZ]

I
I ?reeraekedCharpy Ieqpact Specimen

I Precracked Charpy Impact Specimen
Figure 82

I
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Weld

/°

/

B

A // D '"

Weld _/, Weld

_._.._ 1

A Transverse B Weld-lqst_l Slow D _ld-lqst_X Precrackecl
Tensile Not,oh Bend Chas'p7Impact t

l

Orientation of Weld-Join'_Test Specimens ]
Figure 83

!mm m ms_mmm pmn _.._ mmm._ •_lm
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Designations C_l_osltionJ wt _er cent
(Heat_o) c_c_ m co Mo _i ____ _ _P __s SL

Filler Wires

O6887 O.041 18.3 7.9 4 1 0.3_ 0.07 0.03 0.005 0.006 0.047

07496 0.026 18.4 8.0 4.2 0.3.5 0.06 0.02 0.005 0.007 0.033

3-4428-.39 Ti 0.019 18.8 7.14 4.1 0.34 0.09 0.02 0.009 0.008 0.03

3-4428-.31 Ti O.OlO 18.4 7.15 4.4 0.29 0.09 0.02 0.008 0.008 0.04

INC0 0.003 18.7 4.2 3.? 0.50 0.30 0.02 0.004 0.004 0.020

Base Metals

3960524 0.026 19.0 9.0 3.5 0,22 0,07 0,06 0,005 0.008 0.05

f 3920556 0.02 17.68 7.9 4.2 O.16 0.16 0.05 0.008 0.006 0.08

Filler Wire and Base Metal Compositions
, F:gure 8_
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0.2 Percent Offset Elor_ation

Joint Yield Strength UI_. Tensile in _ inch Reduction in

Fill_r Wire* Design ksi S_ren_th, ksi _ A.rea, _,

Lougi_udir_l Specimens ,.

06387 Double "V" 221 234 10.3 44.5

22o_£_ _ ll.._/3 51.2
220.5 <re 233.5 Ave ll.O Ave _ Ave

07495 Double "V" 217 235 I0.O 51.9

220 230 12.1 41. i

Ave 232 .'-'_ Ave 11._ Ave _ Ave

34428-. 39 Ti Double "V" 218 225 13.7 53.5

_ve 224 13.1 51.2Ave _ Ave 52 .---_"Ave

34428-.31 Ti Double "V" 215 225 13.9 ='
214 224 13.0 55.0

216 224 12.6 50.5

215-'_ve 22-_'73Ave 13.'--'_Ave 52.---_Ave

Inco Double "V" 196.0 224.2 12.5 58.

202.6 224.3 14. O 55.3

223.8 14.0 54.6
_O_. _ e 2-_.1 Ave 13.----_Ave 55 .---7Ave

06887 Single "U" 229 243 8.8 44.
232 243 lO. 0 43.4

230.5 Ave 23-_ve _ Ave _ Ave

07495 Single "U" 226 239 8.6 38.5

226 2 8 .2
_ve _3_.5 Ave _ Ave 3_,7 Ave

34428-.31 Ti Single "U" 218 227 15.1 54.6

21222522 15.2 _6.7
215-----_ve _ve 15.----iAve _ Ave _"

*Refer to Fig. 86 for weld wi_ and weld deposit chemical composition

!

!

I
|

Longitudinal Tensile Properties of Welded Joints in Republic J

Heat 396052h, 18%-Nickel Maraging Steel Plate After Aging

at 900°F for 8 hr 1
J

Figure 85
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Filler Wire Composition_wt_
Desisnation Material Joint Design Ni C___o_o M_S_o Ti

06887 Wire - 18.3 7.9 4.1 0.34
06887 Weld Metal Do_b!e V 18.5 8.8 3.8 0.24

06887 Weld Metal Sin61e U 18.5 8.7 3.8 0.28

07495 Wire - 18.4 8.O 4.2 O.35
07495 Weld Metal Double V 18.5 8.8 3.5 0.24
07495 Weld Metal Single U 18.O 8.5 3.8 O.26

34428-.39 Ti Wire - 18.8 7.4 4.1 0.34
34/+28-.39 Ti Weld Metal Double V 18.3 8.9 3.8 O.27

34428.31 Ti Wire - 18.4 7.5 4.4 0.29
34428-.31Ti Weld Metal Double V 18.2 _.7 3.8 0.25

• _ 34428-.31 Ti Weld Metal Single U 18.8 8._ 4.0 0.28

Inco Wire - 18.2 4.3 3.5 0.45
Inco Weld Metal Double V 18.5 4.4 3.2 0.37

! Base Metal - Republic Heat 3960524 - 19.0 9.0 3.5 0.22

(

CQmposition of Weld Metals Obtained in TIG-Welded Republic

Neat 3960522, Grade 200, 0.6-in.-thick 18%-Nickel Maraging

Steel Plate with Five Filler T;ires
Figure 86

!
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Ag_r_ T_mpe, atur_* 0.2% Offset Yield Ultimate Tensile Elongation Reduction

an/ Time Strength, ksi Strength, ksi in l-iD , % in Area,

_50cF/k hr 206.6 219.2 15.3 56 7

206.5 217.6 16.5 55.6

21i.2 220.5 16.0 56.7

Avg. 204.7 2i9. i 16. C 56.7

35C_F/_ hr 219.0 228.2 14.3 53.2
215.7 227.6 i_.3 56.9

217.2 227.8 .... 56.____9

Avg. 217.3 227.8 ih.3 55.0

850°F/16 hr 217.7 228.9 14.4 59.5

223.6 234.8 13.8 25.3

223.1 233.1 .... 50.6

Avg. 221.4 232.2 12.1 50.6

900°F/2 hr 205.3 220.0 14.4 56.4

209.2 220.3 16.0 57.9

209.1 220.2 14.8 54.2

Avg. 207.8 220.2 15.0 56.1

900°F/4 hrs 217.1 227.6 13.! 52.2

215.8 225.8 14.5 58.4

215.8 225.8 15.____0 55.____0

Avg. 216.2 226.6 14.2 55.2

900°F/8 hrs 215.7 223.0 16.0 58.7
214.7 226.8 ]5.8 53.5

216.5 228.4 16.4 54.6

Avg. 215.9 226.0 16.0 55.6

950"F/2 hrs 209.2 220.5 16.5 55.9
199,3 223.8 16.7 53.6

212.7 222.1 16.___3 54.4

Avg. 207.7 222.1 16.5 54.8

950°F/4 hrs 216.9 223.8 16.1 48.6 -.-
215.7 225.o 18.7 57.0
215.1 223._.._._6 19.._88 56.___o ._

Avg. 215,9 224.1 18.2 54.1

950°F/8 hrs 205.9 216.4 22.5 54.5

205,2 216.3 22.5 55.2 _T

21o___! 217.__! 22.__/7 57.___ !
Avg. 207.2 216.6 22.6 55.7

*As-welded and aged condttlon. I

|

Effects of Aging Temperature and Time on the Longitudinal
Tensile Properties of Welded Joints in Republic Heat

3960524, 18%-Nickel Mara_ing Steel Plate Made with 07495

Filler and a Double-V Joint De=ign

Figure 87 _

!
i
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240 - Ult_at_. Strength

230

I Yield Strength (.2% Offset)850°F

= 210

I o
i I I .... 1

2O0
r

__ _O'F
II I II I I

I _oI I .... 950"F.........I _T

95o°F _@

_" 10 I0 ,, f .... 1 ................. I
f

) _ l, e 16
Aging Time

Effects of Aging Time and Temperature on the Longitudinal
Tensile Properties of Weld Metals Deposited with Filler
Wire 07495 in Republic Heat 396052h, 18%-Nickel Maraglng

S_eel Pla_,eMater__
Figure 88

!
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Yield Strength Ult. Tensile Elongation Reduction
Aging Temp(I) 0.2% Offset Strength in I in, in Area
and Time Joint Design ksi ksi % %

850°F/8 hrs Double V 212 225 13.3 53.4
212- 226 l .O
212-----_ve 22-'2_-_ve 13.---_Ave 57.5 Ave

Single U 207 218 ll.7 57.1
2O8 219 L_.8 49.9

21 58.o
207 Ave 12.1 _ve 55.0 Ave

900°F/8 hrs Double V 215 225 13.9 54.0
214 224 IS.0 53.0

216 224 12.6 50.5
215_ve 22--2_ve 13.---'_Ave 52.5 Ave

Single U 213 223 ii.2 52•5
212 223 13.4 55.2

21o
212 A------re 22-_-Ave 12.3 Ave 55.0 Ave

950°F/8 hrs Double V 207 217 14.5 55.6

207 Ave 217 Ave 15.3 Ave 57.2 Ave

Single U 203 216 14.3 57.4
203 215 13.1 54.7

204 215 14.0 _6.4
20S-'--_ve 215 Ave _ Ave _ Ave

(I) As-Welded and Aged Condition

!

i

!
Effects of Aging Temperature and Time on the Longitudinal

Tensile Properties of Welded Joints in Republic Heat 3960524, IGrade 200, 0.6-in.-thick, 18%-Nickel Maraging Steel Plate
Made with 34428-0.31 Ti Filler Wire and Double-V and

Single-U Joint Designs I
Figure 89

!
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Aging Temp Filler Joint Ultimate Tensile Location "a"()

and Time Wire _ Stren_th_ ksi of Failure

850°F/8 hrs. 07495 Double V 229 W
223 W

223 W
225 Ave.

34428-.31 Double V 215 W
222 W

219 Ave.

Singl_ U 218 W

219 W
218

219 Ave.

900°F/8 nrs 07495 Double V 221 W, HAZ
223 W, HAZ

222 W, HAZ
222 Ave.

34428-.31 Double V 218 W, HAZ
Ti 221 W, HAZ

I 219 Ave.
34428-.31 Single U 219 W

Ti 220 W, HAZf

219 w. z
219 Ave.

950°F/8 hrs 07495 210 W, HAZ
212 W, HAZ

21__L W, HAZ
212 Ave.

i 34428-.31 215 W, HAZ
Ti 217 W_ HAZ

_l--_ve.

34428-.31 Single U 213 W, HAZ

Ti 217 W, HAZ

217 W, HAS
215 Ave.

(a) W - Weld Metal
HAZ - Heat Affected Zone

Ultimate Tensile Strength and Failure Locations of TransverseWeld Tensile Specimens from Weldments in Republic Heat

3960524, Grade 200, 0.6-in.-thick, 18%-Nickel Maraging Steel
Plate Made with 07495 and 34428-.31 Ti Filler Wires and

I Double-V and Single-U Joint Design
Figure 90

I
L
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0.2% Offset

Yield W/A (In.-lb/In.2) **

Aging Cycle* Notch Strength, Test Temperature t °F
°F Hr Location ksi +200 RT -40

850 8 Weld Metal 217 821 583 432

62___8 507 321

Avg. 724 545 376

Heat-Affe cte d 1097 759 743 .

Zone** 1080 930 74!

Avg. 1088 844 742

900 4 Weld Metal 216 622 782 423

63_I 69__4 _3_/3

Avg. 627 738 428

Heat-Affected 1214 1068 870

Zone 1052 1304 1088

Avg. 1133 1186 978

900 8 Weld Metal 216 660 560 367

570 704 402

Avg. 615 632 384

Heat-Affected _66 921 635

Zone 798 77___0 620

Avg. 782 845 627

950 8 Weld Metal 207 817 766 51h

70-0 7.50 5522

Avg. 758 758 533 -

HAZ 1209 869 925 '"

lO9__£o io5____4 _i-0

Avg. 1148 961 867 _.

i
* As-welded and aged.

**These values obtained with a 0.600 by 0.39_-in. specimen.

!
Q

Precracked Impact Fracture Toughness of Weld Metal and Heat I
Affected Zones of Weldments Made in Republic Heat 396052h, J

Grade 200. 0.6-in.-thick, 18%-Nickel Maraging Steel Plste
With 07495 Filler Wire and Double-V Joint

Figure 91 ]
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0.2% Offset

Yield W/A (In-lb/In.2)**

Aging Cycle* Strength_ Test Temperature_ °F
°F Hr Notch Location ksi +200 RT -40

850 8 Weld Metal 212 922 808 536
710 528

Avg. 759 532

Heat Affected 871 995 826

Zone 909 795

Avg. 952 810

900 8 Weld Metal 215 770 677 523

737 579

Avg. 707 551

Heat Affected 1703 1068 752

Zone 982 889

Avg. 1025 820

950 8 Weld Metal 207 856 879 600

795 625

Avg. 837 612

Heat Affected 1422 1068 1018

Zone 1134 1089

Avg. ii06 1053

* As-welded and aged.

** These values obtained with a ,600 by .394-in. specimen.

Precracked Impact Fracture Toughness of TIG Weldments Made in

Republic Heat 3960524, Grade 200, 0.6-in.-thick, 18%-Nickel

I Maraging Steel Plate With 34_28-0.31 Ti Filler Wire and Double-V Joint
Figure 92

!
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W/A (in-lb/in2) **

f_i_ Cycle* 0.2% Offset Yield Test Tem_e{ature_ °F

_F Hr Notch Location Strengt_ ksi -_0 RT 200

850 8 Weld Metal 207 655 876 1122

69__8 76 6 11o__66

Avg. 676 821 1114

850 8 Heat-Affected 907 1234 1513

Zone 94__4 1167 1284

Avg. 926 1200 1398

900 8 Weld Metal 212 643 803 901

66_.._2 86__2 859

A_g. 652 832 880

900 8 Heat-Affected - 944 1333 1483

zone 102__3 123___55 138__3

Avg. 984 1284 1434

950 8 Weld Metal 203 643 832 953

658 8 __29 llO_ 3
Avg. 65O 840 1028

950 8 Heat-Affected - 1264 1485 1553

Zone 116____2 1505 159___9

Avg. 1213 1495 1576

* As-welded and aged

**These values obtained with a 0.575 by 0.394-in. specimen.

i

]
Precracked Charpy Impact Fracture Toughness of T!G Weldments I

Made in Republic Heat 3960524, Grade 200, 0.6-in.-thick,

18%-Nickel Maragin6 Steel Plate with Filler Wire 34428-.31

Ti and Single-U Joint

Figure 93 _
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2 (2)
0.2% Offset W/A in.-ib/in. ,

Aging Cycle _ljf_ Yield Strength, Test Temperature I @F
°F Hr ksi -_0 RT 200

850 8 - 588 1028 118o
i__ 91__! 112_._1

Avg. 573 970 1153

900 4 - 718 11o2 1334

71..._88 129.__33 152__2

Avg. 718 1197 1429

900 8 207(3) 642 1047 i036

7o_29 _o_££Z 98__!7

" Avg. 675 1027 i011

I 950 8 - 798 1178 113885___6 125__2 121._8

, Avg. 827 1215 1178

(i) As-welded and aged.

i (2) These values obtained with a 0.575 by 0.394-in. specimen.(3) This yield strength value was obtained with a double-V Joint configuration
and Republic heat 3960524 base plate.

{
f

Precracked Charpy Impact Fracture Toughness of TIG Weld MetalDeposited in Republic Heat 3920556, Grade 200, 0.6-in.-thick,
18%-Nickel Maraging Steel Plate With Inco Filler Wire and

Single-U JointFigure 9h
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.2_ Offset Width Depth Propqrtionai Limit, Maximu_

Specimen Aging Cycle Notch Yield b d Loao _L} uerAee. (e) Load (L) 2 eb/L -8
Number OF - hr Location (ksi) (in.) (in.) (Ib) (lJl.) (Ib) (in. /ib)_lO al(in_

61 850-8 'WeldMetal 217 .575 .?50 0930(5) .01766 7620 147 .226
62 ._;75 .75o 6_oo .OlYOO (_o5 lTl .272
63 .575 .750 70o0 .01749 771o ]J_ .216
6_ .575 .750 6150 .01540 6675 ]Jg_ .216
65 .575 .751 500o, .O1730 5660 199 .311

71 900-4 Weld Metal 21f .575 .750 5800 .01726 5985 171 .272
72 .575 .751 6000 .01436 6785 138 .198
73 .574 .751 63O0 .O1_36 723O 131 .172
74 .575 .749 5250(5! .011_0 7200 125 .1l_
75 .575 .750 5600(5_ .0]J481 6245 152 .235

81 900-8 Heat-Affected . .575 .751 6700 8060
82 Zone .575 .750 9300 9760
83 .575 .75l 82oo(5) _5o
84 .575 .75o 78oo 8620
85 =575 .751 7800(5) 10155

91 950-8 Heat-Affected - .575 .749 7900 9090
92 Zone .575 .749 8350 9330
93 .575 .749 7350 9335
94 .575 .749 9100 10395
95 .575 .75o 7700 9955

(I) Ra_'s Analysts; Calibration Curve Cou:tants: q = 13.50 x/O'6; R = -60.00 xlO'6; S - 150.00 xlO "6

(2) least Square StatisticalAna],vrls;Curve _luatAon _ - 1.O9 x,10"6 + 1.39 a x.lO"6- 7.82 a2 x lO "6 ',"_.09 a3 xlO-5

(3) 5-Polar Fit%,ing

(4) m,eelmer'sAnaly_,,

(5) re_-_mv_v,,,

mm
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_k_teh+ ,._rmck
_.ffective Neam=red PXane-Strain Frac_re Tou_lmess S_.ryss Ini_nsi_ Facl_.r

Iooo_ yi..
(io..lb/i._2_. _c(_ ) _.¢z(1) x_2(2) Kn¢3(3) KZe(i,))(1) a2(in,)(2) a3(in,)(3) a.o(iu,) (h) Gncl(l) Onc2t2) G_c3(3) iE*

.222 .218 o2_ 276 2E? 265
•_ •276 •3z5 3_ 38o 4o3 _91
.2z5 •21o •z_o 258 2_ z58 _z?
•?z6 .2ZZ .Lxjo Z99 21] 200 3?5

^vg 291 Avg 29h Avg 289 Av8 kO8 Avg 94 Avg 95 Avg 9_ Av6 _Lt

• 271 .276 .300 310 31/_ 333 3(=0
.197 •193 .280 160 167 3.73 32_
.172 .172 .2,_0 143 1J._O 175

.2_. ._. .=o :_.__ L._ _o _ __ __ __ __
• Avg 179 Avg 181 Av_ 197 Avg _ Avg 74 Avg 7h Avg 77 Avg

.235

._

.1_ _

" ._5 36_

.2L_

.Z25 J_o

N _
Avl I_O Av'g

81ow-Not_h-Bend Fracture Toughness of Weld_ents Made in
Republic Heat 396052_ with 07_9_ Filler Wire and Double-V Joints

FiRure 9_
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I

.?_ Offset Wi_%h Depth Pr_,port_onalLimit Maximum _"_
SFeclmen Aging Cycle Notch Yield b d _o-_cl_'-_ _eflec.(e) Load (I _ _,
£1tLmber OF - h_ Location (ksi) tin._ /_n.) (ib) (xn.) (Ib) (i_. ':_:

229 8504 weld Natal _07 .545 .746 6000 .0174 7040 1_

230 .546 .7h6 52O0 .0169 6540 177

231 .544 .746 5150 .0184 5960 194

232 .545 .744 5250 .0163 6390 169

233 .545 .7_6 5300 .0167 6400 172

23&. 900-8 _old Natal 212 .564 .74.6 5200 .0171 589S 179

235 .5&3 .746 5800 .0.1S6 6200 17/6

236 .547 .750 7000 .0224 7J50 175

237 .5_7 .750 51.o0 .0176 6_30 189

Z39 950-8 wet_ Metal 2O3 .547 .750 5600 .0190 6770 186

2_1 .546 .750 6100 .0173 7490 155

242 •547 •750 4700 .0163 5910 190

2._3 .547 .750 562'5 .01_ 669O 188

21k 8_)-_ Heat_ffeeted •545 • 746 5_Z)O 6450

215 .545 .746 5700 7400

2.1.6 .545 .746 5600 63k0

2.1.7 .54.6 .746 5400 6640

23.8 ,545 .71,6 5B50 7220

219 90o-8 Heat-._rfeeted .545 .7J_6 53_0 65_
Zons

.546 .?&5 69OO

221 ._;i .W,6 5550 7:_55

.M6 .746 6300 8390

._q'J .544 .746 m 6100

9.T_O-8 h_-atta . t_ .54_ . 7_6 7_0 TJ_O
z_J

.546 .7_6 5100 _7S

.Y_A .7_6 63_0 e730
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Notch Depth Plane-Strain Fracture Toughness Stress Intensity Factor
..... _ _ Effective Measured (_n.lb/_n.2) i000 psi _7

(3) OZc(h) znc1(t)Znc?2) z (3) Zlc(a)

.256 .254 .2_0 .260 375 333 1602 324

•_z .288 .2W .300 369 418 3_ 330

•3oo .5o_ .299 .316 448 _61 373 568

•272 .2?6 .266 .286 342 350 334 308

._6 .28o .2?o ._ ._/_et__3-__ ,-'_oivg 380 Avg 3% l Avg ]33 Avg 107 ivg 109 Avg i0_ AvE 101

.28A .289 .279 ._ _& &_ 350 J53

.278 •_3 .273 .298 650 &90 &2_ 409

._ .285 ._. .3_0 652 ns 6_2 625

Avg tTt Avg 521 lvll &35 &vg 439 Avg 120 Avg _ ivg 115 &vg

.292 .296 .288 .323 /,81 $31 k1? /d,l

.251 ._ .245 .2_ 365 319 _ 34/

.296 JO0 ._-_3 .3_5 3_ _ 3OO 369

.2s_ ._s ._o ._6 _o5 _ _ _A_
Avl _01 A'vg &)3 Avg 379 Avg 39& Avg 110 Avl 115 Av_ 107 l_qg 1%

•3_ &70

.372 666

._ 53_

ltg 531 dlkvlg

m

.X)9

•33S $56

519

.3_ m

5U a_ 1_

Slow-Notch-Bend Fracture Toughness of Weldments Made in Republic
Heat 3960521, with 31.1.28-.31 Ti Filler Wire and Single-U Joints

Figure 96
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.2_ Offset Width Depth Proportional Limit ,_aximm

Speclmm Aging Cycle Notch Yleld b d Load (L_ Deflec. (e) Load (L) 2 eb/L
Nm_er OF - hr Location (ksi) (In.) (in.) (Ib) (/m._ (Ib) (in. /Ib)x10 "° al (-

105 850-8 Weld Metal 212 .575 .7/.8 7500 .019/, 7_0 I_9

106 .575 .736 7100 .Olg& 80_D 156

107 •575 .?&8 7650 .0201 8110 151

108 9004 Neld Hetal 215 .576 .732 7900 .0198 8220 I_

109 •575 .7_8 75OO .0190 7640 J_6

110 • 575 .7_ 76oo .0186 778o

I]/ 950_ Weld Hetal _)7 •575 .7/.8 9500 .0220 9850 133

I]2 .575 .748 7000 .018& 7&AO 151

113 .575 .7/,8 830G .0207 9180 l&J

1_ 850-8 tleat-Aftected .57 5 .748 10700 Llg_
Zone

•115 •575 .748 7500 8850

116 • 575 .7/*8 10050 107&O

117 _ Heat Affected .576 .743 10250 1_50
Zone

118 .575 .748 84;00 9350

]£9 .575 .738 11253 _12_5

120 9_-8 Heat-affected .575 .7/.7 7250 7800
Z_e

_.t ._5 .7_ 66_0 _00

]22 .575 .7&8 6500 9650

(1) Itaw's I(et_xl; _lon Curve C_,st_ts: q - 17.k2 x 10; It - -85.(X) x 10 "6; S - 3)8._Y3 x 10 "_
IP"J.'ee-,Polm4P,Cm-fe FittSJ_s

_) _,,t-m_m, st,ti,l.z ,,thod,c.,- zq.,tio.: _ - z.z. zo_ -2.07,,Zo_ +z.U,2xto "_
(&I lbNImer' s _ethod
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Notch+CrackDepth

Effective Measured Plane-Strain Pg'a_m'e.T_ . S_reu Intensit_Factsr
(i_ Ib'/In.'J 1000 _i r _.

_.><")_c_.)(_) _c_.,,(3)_(_-Uj.).)4)c=io.___.! %,2(2)%,.c:3)%=(,)%41) ,_,..j2)%o) %=¢_.)

Slow-Notch-Bend Fracture Toughness of Weldments Made in

Republic Heat 396052_ with 3_28-.31 Ti Filler Wire and Double-V Joints

Figure 97 _
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o

o

_ _._. °°°°_ o_o _o_

_ _ lelelelele _lelelele lelelelele le_lele_• • Q • • • • • • • • • • • • • • • o •

Slow-Notch-Bend Fracture Toughness of Weldments Made in

I Republic Heat 3960524 with Inco Filler Wire and Single-U Joints
Figure 98

!
m |
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Weld

I High TemperatureHAZ
' TemperatureHAZ

i

! !

SZNGLE.U;VELDS

Weld HAZ
, /-High Temperature HAZ

///-Low Temperature HAZ

1

DOUBLE "V" WELDS ""

I
1
!

t

!
Notch Locations for Weld and Heat Affected Zone Slow-Notch-

Bend and Precracked Charpy Impact Test Specimens

Figure 99 I '
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View Showing Typical Gap 1¢eldPlate Set-Up

,_-,,.-- 2_½"

i \to+-----1"
o0_10

'_eldGroove Configuration L .'0_

Plate Travel Wire Burn-Thru Root Thick.'
No. Amps Volts I.P.M. I.P.M. Gap + Inches Inches

1 125 7.5 8 8 .o65 .055- .o_5

2 125 8 8 8 .oJ5 .o_ - .o52
3 115 7.5 6 8 .o_S .os"J. - .o_

115 ?.S 6 _ .o7o .oSS..oSS

S nS ?.S 6 16 .1oo .o55- .o56

Weld-Joint Design and Welding Conditions for Single-U Joint

Gap-Weld Test, 18%-Nickel Maraging Steel Plate Material
Figure i00

I
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Io_o o

_I _ _I _

_D ..? OO

o_

_ -

l
Tensile Properties of Weld_ents Ma_ in Bepublie Weat

3920556 vith 07495 Filler Wire, O.070-in.-_ide Root Gap, and Single-U Joints
J

Figure i01

l
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0.2% Offset W/A in.-lb/in. 2.
Aging Cycle Notch Yield Strength, Test Tempera_ure_°F

Temp,°F Timethr Location ksi -____0 R'T 200

900 8 WM 22h 587 773 743

58O 768 699
Avg _ 77--5

900 8 HAZ --- 1329 189o 1661
144h 1667 166o

Avg TgZ T?_ Tg_

* Values were obtained with 0.575 x 0.394-in. specimens.
WM = Weld Metal

HAZ = Heat-affected Zone

Precracked Impact Fracture Toughness of Weldments Made in

Republic Heat 3920556 with 07495 Filler Wire, 0.070-in.-wide

Root Gap, and Single-U Joints

Figure 102

f
J
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._g Offset Width Del_th Proportional Li_Lt gm_t_ _/L$_n Agir_ Cycle go_h Yield b d Load (L) De_lect.(e) Load in. 2_..A 10 -8
lh_bmr °F - Er Location (kst) (in.) (in.) (Ibe) (in.) (Ibs)

8 900-_ _ld 22h ._7_ .7_9 62OO .02_ 6370 187
9 . _76 .7_0 8?0O .0190 8220 133
10 ._7_ .'_0 h_O .016_ _;27_ 218
11 ._7_ ._0 60c_0 .0169 6760 160

wI 12 900-8 Reat-_fected ._?_ . ?_0 8900 .Oeb3 1O76O _7
13 Zona ._?_ .?_0 72O0 .0228 8_0 182
_ ._7_ .7_0 53oo .o219 _lj60 293

Gig15 ._76 .7b9 8900 .0_3 9730 16h
16 ._7_ .7_0 8L_O .0_h5 9315 167

(1) Fi_-Point Om_m Fittt_
(2) Laaet Sq_ru $tatigtteal Fat,hod; Curve Equation-. - 1.09 x 10 -6 + 1.hl x 10-6 • - 7.93 x 10-6 a2 + h.lO x 10-5 a3
(3) Buocks_r t| l_thod

I .

I
I

i 3-/
[
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MotchPI_ Crack Depth P18zmStraln l_a_t_ TouCh_me StroBe Inten_ty Factor

gtfectim 2) _ tn-lb/in,_ 1000 psi in.
.z(_n._ _(_..)( .3L_..,) (z) o (2) o_cO) r (z) K (z) O)

Onc1 nc2 -e I nc2 Kic

.298 .29_ .351 _35 533 610

.ZSO .I_ .21o 3o_ 26_ 3_

.330 .331 .38_ 269 292 3a7

.26h
•3_. 6bO
._3S 6O?
.272 69_

_, .273 622
A._. _ AvZ. I_

Slow-Notch-Bend Fracture Toughness of Weld Metal and Heat-

Affected Zone, Republic Heat 3920556, Grade 200, Vacuum-Arc

Remelted, 18%-Nickel Mar_ing Stcc! Plate, 07h95 Filler Wire,

aria Sir_le-U Joint with 0.070-in. Loot Gap

Figure 103 -__

i • m
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_llzj _0 _- _ ._o I -.¢¢_ O_ _- 0 0 0

t3

_o _, _ _ . _. o o o
_. _ _ -_ _ o o o

'IU I _'3 f¢3 _

=I  o8881_= _ _ _, -_ o o o

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

"_ _ __. ._I_' D _° _8 o o o 8 o o o

,,-I r,4 ,-4 ,-4 ,-4 ,-I ,--4 ,-4

0_1 ,-I ,-I ,-I

o o o q . q o o0

,_ 0 0 0 0 0 0 0 0

I _ 'o 'o _, I ,, :0 _o _,
_, 8 888 _ 88 o 8

o d d o o o o o

II I °
_ , 888 _ 8888 o_

_;o o o o o o _
_0

o o o o _ o o o _• 0

0 0 0 0 0 0 0 0 _1_

Ho o o o _ q o o q
0 0 0 0 0 0 0 0 O

.,.4

.. Mill Certified Analysis on Chemical Composition of Weld Wire:

I Chemical Analyses
Mill Certified

Figure lO_

(-
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o,.O

[ . ,.,+0.010

$ to.oo,,o.o,o,,
Seam

Joint Detail for _'_idTest Plates :

Figure 105 _''

j

i ......... _ loll mLal r, ,m
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i Locationsof Notches for Weld Heat-Affected-ZoneSlow-NotchBend Specimens,CalibrationBars, and PrecrackedImpact Specimens
Figure 106

t

]967020705--:304
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r ,, 3.03 ,

•,, / +""+"--r-'1I+-I-'''°'''+"I

/ I L..u.+.o°oo.,./ I """-+++""
,/ ..... '--,-":N_.,,,,.,,,-'+-•.,,o..,oo.,,,,.,,+.,,,,,,,,,,...,..,.,,,

oo'rm [NOI

t

l
I
I
I
I

Tensile Specimen, 0.250-in. Round I
Figure 107

]
,-...,._..__+.,+_.I!II_--------"_ III...... _ ..... ,+ .... 1_ _ Illlr"lltll _ "= I IIIIII II"--'-- 'qll "'-" '='- ,,,, __ = u
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t T : MINIMUM PLATE GAUGE THICKNESS

I Slow-Notch-Bend Specimen
Figure 108

[
_.,F.,_.=_;.NIIEI__ IMiRNpDnpnuf_m_ n m,q UlUn_ |gumll'-J " mumml_ mm ----, m_ l_ - •
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1' • iilNliiUli iq.ATE UUO[ THICKNESll

_T

]
Charpy V-Notch Impact Specimen ]

Figure 109

)
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i iii

/

., I/_
f

J
_ ' Ulfl mm Load89110

i ,'J Pra _rtl_l Lemd7140

40, , j Pre )rtlm_l Defll:tlcm0.022J

_l_ , _ •

j TESTNUMMR SW'4720 DATE 4-22-44

J SIZE GAUGELENGTHSCALERANGE 12,000
I_A

J MAGNIFICATION HighD, SpecimenSize0,6 x 0.6x 4._
STRAIN

DIVIDEIIYMAGNIFICATIONRATIO

Load Deflection Curve Showing Deviation from Linearity
Figure ii0

I
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I

II

_ A_ILn_IC_cle 0.2% Offset Yield Ultimate Tensile Elongation in Reduction in I
Temperature, F_ i;me, hours Orientation Strength, ksl . Strength, ksl 1 inch, % Area, % J !

850 8 Longitudinal 206 215 12 50

850 8 Longitudinal 206 215 12 54

t
850 8 Longitudinal 209 218 12 48 |

207 Avg.
T

850 8 Trar_sver_e 214 217 11 50 [

850 8 Transverse 212 217 11 54

850 8 Transverse 212 217 11 56 t

213 Avg.

900 4 Transverse 214 219 II 54 j
900 4 Transverse 214 218 11 52

900 4 Transverse 2 ]4 219 11 54 !

214 Avg.

900 8 Longitudinal 211 220 14 39 i

900 8 !Longitudinal 211 219 13 38

900 8 Longitudinal 21__1 221 12 3P I

2|1 Avg.

900 8 !Transverse 220 224 11 46 itl,
900 8 Transverse 220 22,5 14 55

900 8 Transverse 220 225 12 53 i

220 Avg,

950 8 Transverse 21 ! 219 2 5 I
II

950 8 Transverse 208 220 13 5!

950 8 Transverse 21__2 221 12 54 I
i

210 Avg.

NOTE: Specimembroke in weld metal i
II

I
TensileTest Data Obtained fraB LuMens Plate R-599-I and

Special Metals Weld Wire 3_28 •

Figure iii

I
,,,,_._.,,_,.._..-_.,._ ; _ _ Hit n mmu _ _ .......... ill II_"_ e n _ _ _
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.c

5_
,i

.c

i

5_

o _

Z

I Tensile Test Data Obtained from Lukens Plate R-599-I andSpecial Metals Weld Wire 3_28

Figure 112

.i
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I'='I

O

-
°_'__I°- _ ._

-- • ). :) ).

____.. _ ...... .l__ _. _. _. _ _ _

" J_._ ..... .:.:_.:.: .:__-- .: ._ ..: _ -.:"-._-
_- --_ _ "

. '.,

..,.... .[| [11|...|1... ._

Effect of Aging Time and Temperature on the Plane-_train I

Fracture Toughness of Welds Made with Lukens Plate tt-599-1

and Special Metals Weld Wire 3k_28; Sl_-Notch-Bend Sp_.--'_ens ]Figure ll3
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]

A in C cl.e 0.2% OffsetYield UltimateTemile Elongat;_.:,;n f Reductionin
.lamperature_-r llme_,noun Orientation Strengthr kll Strengtht, ks*_-- 1 incht % ] Areo_,%

900 4 Longitudinal 202 210 12 56

900 4 Longitudinal 20_ 212 12 52

900 4 Longitudlr_l 206 212 12 56

205 Avg,

900 4 Tranlverse 206 213 12 58

900 4 Tramverle 209 21$ 12 60

900 4 Transvene 212 215 1_ 58

209 Avg.

900 (3 Longitudinal 206 ? 16 ',2 5,6

900 § iongltudlr,al 212 215 l_J 60

900 8 Long_tudinal 217 224 11 53

212 Avg.

900 8 Tmnovene 218 222 11 52
"b

!
t 900 8 Tmnlveno 218 222 11 56

900 8 Tmnsvene 218 221 11 44)

218 Avg.
900 8 Transverse 212 217 10 54

900 8 Tmnivene 212 217 10 54

900 8 Tramvene 215 219 11 59
!

900 8 Tmnoveno 214 218 11 59

900 I) Tmmvonm 214 217 I1 54

900 il Telnoverw 212 215 10 51

213 Avg.

Moragodwith Pint 36-Inch Iff:TV TmnJvqmne 201 214 12 52

MemOellwith Pint 31*Inch _TV Tmnoveno 205 211 12 55

i Marqod with Pint _b,-InchPITY tmnovemm 204 211 12 54
207 Avll.

, Mom0edwith Pint Rk,.Ineh_TV Trenlvone 20qP 214 12 511
; Ro_ml,Procedure1

AAemlodwith Pint Rb-lnehPITV T.mmvone IPl2 214 11 54
I ,..,,
Merqed with Pint 34_I_h II_I'V Tmmvenm 201 213 12 .53

RelmelrIm_r.o_.m !
210 AvI,

i

NOTE: All tpe¢Ime_ broke In weld melo|

Tensile Test Data Obtained from Lukens Plate R-600-1 and

I Special Metals Weld Wire 3_81
Figure Ii_

i
_r .... -'_--. _- I INmlllllmmrj'ql m Ir Imml mill • .,, -- m -- m _r ....
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0.2% Offset Yield Ultin_te Tem;le Elongotle._ in Reduction inOrientation Strength_ kli . Strength t ksl ! inch_ % Aron_ %
I

900 4 Tramvene .?.03 20@ 11 76

900 4 Tramverte 205 210 I I 57

900 4 Tmmverte 205 210 10 59

900 4 Tramvene _05 210 12 59
I

205 Avg.

900 8 Longitudinal 20@ 214 I I 55

900 8 LongltL 4;nal 202 212 12 57

900 8 Longitudinal 202 213 12 55

204 Avg.

900 8 Tramverme 209 214 12 76

900 8 Tramvene 2 ! ] 214 11 57

900 8 Tromvene 20@ 214 11 57

900 8 Tramvene 209 212 12 5_

209 Avg.
L,

NOTE: All _c;mens broke in weld metal

[
I

Tensile Test Data Obtained. from Lukens Plate R-600-1A and

Armetco Weld Wire 08_36

Figure 115 i

I
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f

i

..... _a _ooo 66666

Jlll _,_,iiilllilll
Effect of _ing Time _d T_peratur_ on the Pl_e-Strain

Fract_e To_hness of Wel_ _d Weld He_-Affected Zone of

L_ens Plate R-600-1 _d Special Metes Weld Wire Bhh81;

I Sl_-N_ch-Bend Specimens

F%_e 116

[
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-

c

_._

__ _ _|_ _

, ;;;;2;2;;; 22;2;,

66666 6_ggg_6gg_g ggggg

gg_g_ g_gg_ogggg ggggg

l! ;;;;;;;;::[iii[ iiiil i ! _
Ef_ct of Agi_ Time _4 _ _ _e Pl_e-Strain I
Fr_ct_e To_ess of Wel_ _ W_ ae_-_fected Zone of _.
L_ens Pl_e R-600-_ _dArmetco Weld Wire 08&36; Slow

Notch Bend Specimens -_
!Fig_e 117

"T
!
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Aging Cycle W/A, in-lb/in 2
Temperature, aF Time, hours Orientation Notch Location --40°F RT 200_F

900 4 Tramverse Weld 1128 1306 1397

1206 1380 1390

TT_ TI",13"_ Avg.

900 8 Transverse Weld 857 1067 1253

935 935 1181

T_T T'JT'7Avg.

900 4 Transverse HAZ * 698 805 883

720 805 833

-_ -g_ -_ Avg.

900 8 Transverse HAZ 675 726 832

684 799 809

_ _ Ave.

• HAZ - Heat affected zone

NOTE: The corresponding 0.2% offset yleid strength at a maraging cycle of 900°F-4 hours is 209 ksi.

The corresponding0.2% offset yield strengthat a maraglng cycle of 900°F-8 hours is 218 ksi.

Specimen size: 0.394 inch depth x 0.600-1nch wide x 2.10 inch length

r

J

j Plane-Stress Fracture Toughness of Welds Made With Lukens
Plate R-600-1 and Speci._l Metals Weld Wire 34&81

Figure ll8T
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Aging Cycle ._V/A Lin-lb/;n 2
l"empera'ture, OF Time,.hours Orlentavion Notch Location '.-40-F RT 200°F

900 4 Transvers,_ Weld 1210 1479 1687

1145 1509 1615

T17g"_ _ Av_.

900 8 Transverse Weld 992 1328 1629

1011 1312 1400

_ '13"I"5Avg.

900 4 Transverse HAZ * 882 1396 1367

962 1460 1357

nPj'i _Lrg TT6"LrAvg.

900 8 Transverse HAZ 992 1273 1256

1161 1303 1190

T07"E_ _ Avg.
=" '" "' , , i ,

* HAZ - Heat affected zone

NOTE: The corresponding0.2% offset yield strengthat a marag;ng cycle of 900°F-4 hoursIs 205 ksi.

The corresponding0.2% offset yield strength at a maraglng cycle of 900°F-8 hours is 209 ksl.

Specimen size: 0.394 inch depth x 0.600-;nch wide x 2.10 inch length

Plane-Stress Fracture Toughness of Welds Made With Lukens
Plate R-600-1A and Armetco Weld Wire 08hB6

Figure ll9

I
___..,r____L_ _-.=_....... _... ._._ --........... I " '" P H '="mlI ! _ mR _ [_ _ _ "
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r 0 2% Offlet Uh,matl ] [_ongoh_ Ille_chcAg,ng Cycle
Y,eld Strength Ten6pleStrength| ,. I Inch ,nArlo

, Templ_oturet WF T_met ho_PI Orlo._tlo. ktJ ks, _ % %

g50 4 Tmmveru 197 204 || 11 51
J97 204 | I0
t97 205 J 11 6J

85_ 8 Tme_verm 209 2] 4 I I 5_
203 210 12 60

209 213 12

g50 I6 Tmnlverlll 2 ]4 219 12 57
212 218 II 55
212 2_6 _1 56

L+g _ _ TT

900 4 LOnll_tudleml 208 216 I0 54,
211 220 11
208 2 t9 I t 57

A,g _ D_ TT

g00 4 Tmnlver_ 204 2 ]0 1] ,_
204 211 I1 60
208 214 15 511

_0 § Loe_,tud,_l 2 ]5 224 13 ._5
208 2TO 12 57
208 217 II 54

A+g tr_ tr_ T_ T_

900 $ Tronlverle 212 217 II 56
2tl 2_8 10 52
211 216 II 67

A+g _ PPP TT

900 16 Trontverte 21_ 2 t8 12 57
208 218 I1

208 219 _. 51

925 4 Long,tud,nol I 206 214 12 .%4
i =05 214 12 _4

706 213 12 58

92S 4 Tronlvee141 Avg 208;'('9209 2142152+5 TT+112+I 555657

925 8 Lo_g,tud+_l 205 214 12 54
205 215 _3 53

20_ 214 12 52

925 8 Tronsverl41 212 220 ]I 55
211 218 TI .$4

I _t2 219 12 54
lA+g _ _ TT

950 4 Tmnlven+l 196 208 9 51
202 212 12 53
202 212 14 55

$_0 _I Tronlvems_ T97 207 I0 _4
194 204 I0 54
199 209 12 $4

9_0 16 Tmmvenm 189 202 12 _0
189 202 I 1 57
191 202 I I 56

Mamged w,th Seco.d 36-I.ch Tm.sverte 215 222 12 53
PETV 218 223 1I

215 221 Il 47

h_l_wd w,eh Second 36-t.ch 212 217 I I $$ I
- PETV 0MO.uOl Relmlr Weld) Tronsve_ 212 218 I0 411

J 206 210 tO _II

l * Sp_C,mQmbrako I_r_ilh _111dhlo! lO_l sp_¢i,l_l_i

All omit Moae i. Wllld

Tensile Test D+mtm Ob%_tmed from TmTeld_ Made With 260-SL-I

I Plate and Special Metals Well Wire 633h3

Figure 120

[
!

_-,_,,_-, , lllmm_m lmm,"mM"_l w _ mll." U m mUUNN MI""'11 _ -- "- []
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i

_Io._-,_-_ __ _ _
• '-I

0

+1

,,,,, ,,,,, _
||| .

Effect of _ing Time _d Temperat_e on the Pl_e-Strain

Fracture To_hness of Wel_ Made with _le_e_ Ludl_

Pl_e 25000-1 _d Speci_ Metals Weld Wire 633&3 Sl_-Notch-Bend Specimens

Fibre 121 '

I
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Fracture Toughness

Spec_m¢,_ Aging Cycle Width Depth Meosured Proport .... ' MQximum nGl_) N .... I _,re_Number eF, Hr b, in d, in a, in " Lood Limit, Ib LoQd, Ib i /;n 2 At Root of Notcr ""

DflW-I I _PJO-8 0.593 0.593 0 2350 4260 4980 321 252

DBW-I 2 900-8 0.592 0 594 0.1720 5820 6700 316 248
DgW-13 900--8 0.591 0.593 0 2lOq 516{1 6000 368 268
DgW-14 900-8 0.592 0.592 0 1770 5700 6480 324 25]

OBW-15 900-.8 O.593 0. 593 0.1690 4680 5380 199 196
Avg. 30--_

GBW-I 900-8 0.595 0.868 0 191 14100 15000 388 232
GBW-2 900-8 0.592 0.868 0 ]86 14100 14850 37;" 230
OBW-3 900.-8 U.598 0.868 0 176 16350 16900 462 257

GBW-4 900-8 0.600 0 868 0 186 14400 15250 383 232
GBW-5 900-8 0 599 0.869 0 278 13000 13450 448 245

Avg 412 239

GBW--6 900-8 0. 600 0. 999 0. 253 18000 20150 497 243
GBW-7 900-8 0.598 0. 999 0. 205 18600 22050 400 222

GBW-8 900-8 0.598 0. 999 0. 250 17250 19700 450 232
GBW-9 900-8 0. 595 0. 999 0.183 19800 23950 401 225
GBW-10 900-8 0. 598 0. 998 0. t B0 19800 24300 398 225

Avg 429 229

"o" meq_uredaccuracy _- 0.001

*' Nominol stre_s (4.5) P

i
&,

I Effect of Specimen Depth on the Plane-Strain Fracture

Toughness of Welds Made with SpeelaiMetals Weld Wire

I Heat 63343; Slow-NotchBen_ 8peclmens
Figure 122

)
|
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.__

_ o.E

i c

E,,

g.=,

-g

;._ _____ _ _._

_._..........
u

]
° , , 0 . .....

c _ O. -':

,_ ,,,g I- _ "r -r- -r ,,r "r Z

Plane-Strain Fracture Toughness of the Weld Heat-Affected --
Zone, Allegheny Ludlum Plate 25000-i and Special Metals

Weld Wire 633_3; Slow-Notch Bend Specimens I
Figure 123
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0 2°'00ffse:

Agiug C_,_.le .... Yield 5, ength / W/A, in-lb in 2

T__mp_,,,a!'ui__.,T°'_'"i - - _T...... ___,_,,f_....... (')r__en[atlo_r, .... Notch - Lo.cat.on _______ks' t "40°F RT 200°___F_F

839 1432 1412
860 1322 1190

Avg. 835 1360 1370

900 4 Tronsve rse Weld 205 890 1464 1692
867 1211 1337
875 1312 1252

Avg. 87-"_" 1"_'_¢

900 4 Transverse HAZ" 236 1021 1140
737 960 1121

Avg._ _

900 8 Transverle Weld 211 828 1145 1062
816 1038 1058
801 1038 1430

Ave.81-i3" _

900 8 Transverse HAZ* 848 1037 896
881 1331

Avg. _" _ 111_

950 8 Transverse Weld 197 952 1332 1730
900 1214 1431

885 1268 1341

Avg. _ _ 150--'T

Maraged with second 36-1nch PETV Transverse Weld 216 947
Auto 775

720
Avg. 81-_"

88O

Manual 210 821
1055

Avg.

Maraged with second 36-1nch PETV Transverse HAZ* 825
Auto 964

1034
Avg. 94'_"

1082

Manual 954

I 1062

Avg.

• Heat affected zone

NOTE: The corresponding 0, 2% offset yield strengthsare overages of three specimensunless otherwise spec;f;ed.

Plane-Stress Fracture Toughness of Welds Made with 260-SL-I

Plate and Special Metals Weld Wire 63343
Figure 124

!
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_.E

l

_c

.{: _-

_, __. °-_

Flat Tensile Test Data Obtained from Repair Welds Made with

Lukens R-600 and 60h Plate and Weld Wire Heats 3_81 and 08436 "I
i

Figure 125

(
I
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Re)air Procedure 1
r

Asing Cycle W,/A_ in-lb/in 2
Temperature; OF Time, hours Orientation Notch Location "-'400F R1 200UF• ,. L, ....

900 4 Transverse Weld 1003 1392 1464

982 1783 1503

992 1592 1484 Avg.

900 4 Transverse HAZ ** 675 985 968

700 1031 861

819 1028 985

731 1015 938 Avg.

, 900 4 Transverse Weld 1304" 1207" 1707"

1038" 1306" 1906_

1171" 1256" ]806* Avg.

Maraged with First 36-Inch PETV Transverse Weld 20,55

1896

1688

1880 Avg.

Moraged with First 36-Inch PETV Transverse Weld 1310"

1345"

1618"

1424" Avg.

NOTE: The corresponding0.2% offset yield strength at a morogingcycle of 900°F-4 hours is 205 ksl.
The co_re,pondir,g0.2% offset yield strength for specimem maroged with the first 36-inch P[TV

is 210 ksi.* Manual Repair A,ea
** Heat Affected Zone

Plane-Stress Fracture Tau_ss of Uelds Nade w!th Lukens

j" P].ate R-600-1 and Bpee:l.eJ. Het,_l.s Weld Wire 3_81
L_

Figure 3.26

Ii
._m.r__.,:__._ ..... _-, ,ImlImmlmII _ m mm mllllmmmlmllml "I 11 m_ _ _ II ""
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(KNOOP HARDNESS NUMBERS)
(500 GM LOAD)

AVERAGE HARDNESS RESULTS

Across Top of Weld

Condition HUB * HAZ ** WELD HAZ HUB

As-welded 385 348 337 359 361

Maraged 528 480 484 438 521
(900°F/8 Hr.)

Across Middle of Weld

As-welded 369 256 ,_, _ 267 -

Maraged 532 476 455 447 495
(900°F/8 Hr. )

Across Bottom of Weld

As-welded 371 356 358 364 358

Marag_d 529 459 461 473 525
(900° I'/8 H r. )

NOTES

WELD: Basedon 8 to 23 indents at 0.040-inch intervals ..

HAZ: Based on 4 to 13 indents at 0.020-inch in;,_rvals

HUB: Based on 4 to 12 indents at 0.020-inch intervals

* Weld heat-unaffected base (base metal) -- HUB
"" Weld r_eat-affected zone (bose metal) = HAZ --

i
Microhardness Transverse Summary; Manual Repair in Automatic TIG Weld |

Figure 127, Sheet i of 4 J

I
_,_. ,-_.,._.. _-_-".... _--'i. .... - ....... VI ui INIIImR _-., il _ mR "111alIL'_NII "' _ n
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(KNOOP HARDNESS NUMBERS)
(500 GM LOAD)

RANGE OF HARDNESS RESULTS
(Max. - Min. Values)

AcrossTop of Weld

Condition HUB * HAZ ** WELD HAZ HUB

As-wel Jed 377-396(19) 340-361 (21) 297-400(103) 316-377(61 ) 356-367(11 )

Maraged 509-546(37) 441-495 (54) 440-520 (80) 380-474(94) 509-530(21)
{900°F/8 Hr. )

AcroL_Middle of Weld

As-welded 340-400(60) 184-326(142) 126-351(12.5) 180-338(158) 106-376(270)

Mamged 505-575(70) 423-509(86) 412-482(70) 386-482(96) 460-556(96)
(900°F/8 Hr.)

AcrossBottonlof Weld

J
As-welded 329-420(91) 318-380(62) 334-380(46) 286-405(119) 331-386(55)

Mamged 495-552(57) 394-495(101) 439-485(46) 368-526(158) 512-533(21)
(9000F/8 Hr.)

NOTES

Numbers in parenthe_s representdifference between maximumand minimum va_,Jes

WELD: Basedon 8 to 23 indentsat 0.040-inch intervals

HAZ: Basedon 4 to 13 indentsat 0.020-inch intervals

HUB: Basedon 4to 12 indents at 0.020-|nch intervals

* Weld heat-unaffected bose (bale metal) = Hug
*_' Weld heat-Qffected zone (ban metal) = HAZ

1

Microhardness Transverse Summary; Manual Repair in Automatic

|_ TIG Weld
l

Fi&_re 127, Sheet 2 of 4

I% ......,..._.____ -_ .'_Immum mlmwmm,,,mum ,,- _ _ "m " q _ m ,,m -_ _ - " ' '

"1887020708-326S



NASA CR 72126, Appendix B

(KNOOP HARDNESSNUMBERS)
(500 GM LOAD)

AVERAGEHARDNESSRESULTS

AcrossTop of Weld

Condition HUB * HAZ** WELD HAZ HUB

As-welded 313 243 276 324 293

Maraged 493 ¢60 477 455 486
(900°F/8 Hr.)

AcrouMiddle of Weld

As-welded 347 337 290 344 372

Mamged 500 411 401 410 506
Hr.)

Acro_ Bottomof Weld

As-welded 341 330 286 304 308

Mamged 471 364 399 401 443
(900"F/8 Hr. )

NOTES

WELD: Basedon6 to 23 indentsat 0.040-inch intervals

HAZ: Basedon 3 to 8 indentsat 0.020-1nch intervals

HUB" Basedon 4 to 5 indentsat 0.020-inch intervals

i
* Weld heat-unaffected base(basemetal) = HUB -_

** Weld heot-affe._tedzone (basemetal) = HAZ
T

!
Microhardness Transverse S1nmmary;Manual Repair in Automatic

TIG Weld l
Figure 127, Sheet 3 of 4

|
1

II I
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(KNOOP HARDNESS NUMBERS)
(500 GM LOAD)

r ...............

RANGE OF HARDNESS RESULTS

(Max. - Min. Values)

Acros3 Top of Weld

Condition HUB _ HAZ *" WELD HAZ HUB

A;-welded 191-356(1 65) 132-304(172) 131-384(253) 300-359(59) 246-334(88)

Maraged 490-495(5) 440-483(43) 473-555(82) 415-512(97) 476-503(27)
(900°F/8 Hr. )

Across Middle of Weld

A_-welded 331-370(39) 304-376(72) 239-350(111) 260-386(126) 298-406(8)

Ma,aged 484-521 (47) 386-420(34) 380-439(59) 396-432(36) 487-525(38)
(900°F/8 Hr. )

Across Bottom of Weld

As-welded 309-386(77) 240-395(155) 213-329(116) 244-379(135) 154-366(212)

Maraged 448..500(52) 348-380(32) 380-413(33) 367-435(68) 418-468(50)
(900°F/8 Hr. )

NOTES

I',lumbers in parenthesesrepresent difference between "naximum and minimum values

WELD: Posed on 6 to 23 indents at 0.040-inch intervals

HAZ; Based on 3 to 8 indents at 0. 020-inch intervals

HUB: Based on 4 to 5 indents at 0. 020-inck, intervals

* Weld heat-unaffected base (base metal) = HUB
** Weld heat affecte.t zone (base metal) = HAZ

[
Microhardness Transverse Summary; Manual Repair in Automatic

TIG Weld

I Figure 127, Sheet 4 of 4

!

!_

i
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MANUAL REPAIR TO AUTOMATIC WELD WT-40-1 ' ',

R-600-1A PLATE 2X

,_ ,l_d _

1
1

ALL MANUAL WELD WT-51-5947

R-599-1 PLATE 2X I

Microphotographs of Weldments iFi_are 128

•, 1
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.RepairProcedure2

Aging Cycle w/A.i.-/in 2
_-pemtur_ Or;entation Notch Location

900 4 Transverse Weld 1167 1801 169.5

1179 1325 1858

Avg 1173 1563 1777

900 4 Transverse HAZ* 642 860 699

524 786 796

Avg, 583 823 748
I

* HAZ - Heat affected zone

NOTE: Thecorresponding0.2% offsetyield strengthat a maragir.gcycle of 900°F - 4 Hours
is 201 ksi.

Plane-Stress Fracture Toughness o_ Welds Made with Lukens

I Plate R-600-1A and Armetco Weld Wlre 08236
Figure 129

2

li_',,_--,.._,w..._.--.,_-_ ,_,,-_| llllNRlli!!l _ IIIPl _ ! II Ill "lllIJIll i_l mix "" ml
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(MANUAL REPAIRWELDS)

RepairProcedure3

Aging Cycle W/A, in-lb/in 2
Temperature,UF Time, hours Orientation Notch Location -40OF R.T. 200OF

900 4 Transverse Weld 1011 1335 1906

1006 1782 1579

Average 1008 1558 1742

900 4 Transverse HAZ* 974 1382 1308

1160 1351 1279

Average 1067 1366 1294
1

* HAZ - Heat affected zone

NOTE: Thecorresponding0.2% offsetyield strengthat a maragingcycle of 900°F-4 hours is 210 ksl

I
!

1
I
I
I

Plane-Stress Fracture Toughness of Welds Made with Lukens

Plate R-60_-i and Armetco Weld Wire, Heat 08_36 1

Figure 130 J

]
],'_'i_, ..... _-,_1_..._,_ _lllglli_lillllmtI!Pamll m Dims IIIIIIIP'ClIB_H qal_'_ U I lar"-- _ _ ....
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---> ,_- .250

i

I

Squaro But_
I
I

Joint Configurations Used to Determine the Tensile Properties

and Fracture Toughness of Original Welds in Grade 200,

I 18%-Nickel M_aging Steel
Figure 131

1
L
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I

Etch: Ammonium Persulphate Mag. 5X

"U" Join,_

I I

i

" I

I

"*_"_ i

........ •._,_/Z_._ _.. _:.,,..._

Etch: Ammonium Per_ulphate Mag: 5X

Narrow Gap I
Typical Macrostructure of TIG Weldments Processed w±_ a

Conventional-U and Narrow-Gap Joint Designs

Figure 132 I

]
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_,- o

.L "_
/
/

I

/'/

_L , ' '\ '--- .220

.o23R

JoinT. A

30°

/
/

/k 1

/" \ •
/ \ i 22o

]" X

Jo izlt B .093R
T

_ ,_--- .250
t
I

I 1
' [ .060!

Joint C

f
"I .250

i ' L .060

joint D

1 Shaded portion represents fusion zone of original weld deposit.

_. Joint Configurations and Locations Used to Determine The
Tensile Properties and Fracture Toughness of Repair Welds

in Grade 200, 18%-Nickel M_raging Steel (Heat 3920556) Made

I with Filler Wire from Heat 34482
Figure 133

l
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i

THD .500-13 U?_C
C_

•_----- i.,_ --_- -_ '-- Both Enis
•635 ,' i

2 Piases I
/

i

I

.255 +.000 Dia. _ _ 252 _.Ou. _.

-.oo3 -.o<3
2 Plae,..s _-- .23R Bienl

2 ?!aces

i
'fensi!e Specimen

A _5°_,, .o75L .oo3
/

....v.... _A E ....

.75o _ .oo2

.6oo + .oo3
|

-<_' I --

,-.oo5_+.oo2._ ! --_ - |
I

_--- ........... 4.12 * " 0 i ........ J

',<LJW-T.'k_T<'h-B-n : ,'_p'c i.'m-n I

i

I

- Ii .315 + .o 45° ._94 + .Ou3-- _ --
I

_ ._ ik _¢ .... L_____ II "

' _ " _._ ---.._]00 + .00__--1.o5 -- , .005 .394 + , -

+ .OU2R .003 I
1

_- 2.1o

Frecracked C_arpy Impact Sp_._imen I

Tensile, Slow-Notch-Bend, and Precracke4 _ Xmp_ Test Specimens !
Figure 13k

t
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/

i
He:_t ,'om oosi I,ior_. vzt%

I Number C Mn Z i lii (]o 14o Ti /,i P g

]'a,rcnl; Meta..L

3920556 O.02 O.05 0._,_}{ 17.6_] 7. '9 )I.2 0..I6 <:. i6 O..u,_ 0.o06

i Speciri ea 0.03 _).!o c.lO i7.) 7.0 4.0 <'.05 O._'D 0.025 o.oi(AGC 3431_)

Limits Max Max Max ]_.£, (5._ 4.) c.25 _,).-'5 Max Ma_.

l

; i,']]lurdlr(e

34482 0.02 0.01 0.007 I_:_.2 7.6} 5.93 0.24 O. 1 O._'J3 :O.O_'3

Specit'ied 0.03 O.iO O.O1 _ 7.__2 _ 0.2____6L_.]O 0.01 O.Ol

I (AGe 3#326)
Limit s Max Mr_x M_x 18.5 _.U 3-_ O.03 Adrle_/ M_x Ma_

/

Composition of Republic _ _JRO_561 IB_-J$ckel Mmz_

oi I Steel Plate and Hem'(;3kk_ FEller Wire
Figure 135

,kum 'l_lll_ Immi-' m nlu I u nm • -
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I
!

0.2% Offset U!Iim_to I
Aging Treatment Yield rrens±l_'

No. of Temp. _ime, Strength Strength, Elongation Reduction

of hr Orientation ks_ ksi _n i-in., % of Area? % I

2 900 8 Longitudinal 223 233 I0.7 60.4

220 231 iO .6 58.6
2

Avg. 222 232 _O.8 59.0

900 8 Transverse 225 237 i0.7 58.4 ]
2

229 236 i0.i 58.6

22_2._ 23/6 lo. 3 58..__6 I

Avg. 228 236 _O.3 58.5 1

i 900 8 Longitudinal 218 228 ii.5 60.8

217 228 ii.5 62.5 I

21._._.Q 2o-_Z7 11.1 6°,__!

-. Av_. 218 228 11.3 61.3

i
1 900 8 T ansverse 220 232 11.4 59.0

221 23A ii.4 59.i

22]. 231_. 12°.__._0 59.___1 I
A

Avg. 221 233 ll.6 59.i

] 900 16 Longitudinal 223 235 ii.9 60.8
223 235 ii .9 60.8 |
22_._3 235 11.2 57.5

Avg 223 235 II.7 59.7 I

i 900 16 Transverse 222 234 12.6 60.i

22_ 235 n. 7 62.5 .
22._2 23.__6 12.._._9 6_...._2o !

Avg. 223 235 12.4 61.2

!
i
!

Effects of Double-A_ng treatment on the Tensile _rop-rties i
of 0.6-in.-Thlck Republic Heat 3920556, G ade 200, 18%-Nlckel

Mara6/ng Steel Plate

Figure 136 I

!
Li
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0

• OJ (_I _-I _-I

[:
Precracked Chazpy Impact Fracture Toughness of O._-in.-

i Thick Republic Heat _)20_6, Grade 200, 18%-NickelMaragiug Steel Plate After '1_o Agiug Trear_ments at _O0°e' for 8 hr

FAgu.re 13T

I
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!
NASACR T2126. Appendix B

1
_ 0

J
_._ _ _._._._. _._._,_,_. _,_,_,_._. _,_._,_._,

I
___ _ooo___ _ooo 1

_,_:_ gogc, g o_°°°°°_,_, ogog 8

i
• • • ° • • • , • • • . • • • • • ° ° •

_t_ * • • • • • • • • • • • • • • • • - ° °

_1• _ _ .
!

° !
I I I I _._

._1 _'_ |

m
Effects of Doub!e-A@ing Treatment and Speci_n Orientation •
of Plane-_train Fracture Tot_hn_s of Republic Heat 3920556

Grade 200, 18%-Nickel Maraging Steel Plate; Slow-Notch-Bend Test

F_u-e 138 I

i
m mm mmm_m_m mm_mm m mm

_967020705-339
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•2% Offset Ultimate
Aging Treatment* Yield Tensile

No. of Temp. Time, Strength, Strength, Elongation Reductlon

i Cycles of hr. Orientation ksi ksi in l-in._ % of Area, %

1 900 8 Transverse 214 220 l0.8 59.0
215 220 ll.2 60.4

I 212 218 ii.0 61.2

Avg. 21_ 219 l1.0 60.3

i Longitudinal 207 216 ll.7 61.
20_ 215 ll._ 60.8

206 21__29 11.__/5 6o.o

I Avg. 206 217 ll.7 60.8

2 900 8 Transverse 211 218 9.0 58.5l

U 212 220 i1.5 61.5

[_ Avg. 21] 219 i0.6 60.4

Longitudinal 210 215 12.1 61.i
208 218 12.2 63.1

20.__7 217 ll.____5 57.2
Avg. 208 217 11.9 60.5

il
* As-welded and aged.

i ,

x

I [j Effects of Double-Aging Treatments oa the Tensile Properties
of TIG Weldments Deposited in 0.6-tn.-_htak Republic Heat

._ 3920556, Grade 200, 18_-Nlckel Maraging Steel Plate vlth

U Heat 3_82 Filler Wire and Stnble-U Joint Ccaf16_ratioa
Fi6_re 139

im • u n m
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]
T

.&

Weld Met _i Fracture Toughness "I

W/A, in-lb, in2 J
Aging Cycle Number of Aging Cycles

Temperature, Time,
OF hr 1 2 ')!

900 8 1538 1348
%-

1465 1423 -!

1602 1371 -:

• t
1479 1340

Average 1499 1404

I

J

Effects of Double-Aglng Treatments on the Room Temperature
Precracked Impact Fracture Toughness of Weld Metals Deposited
with a 8ingle-U Joint Configuration and Filler Wire 34482 in

0.6-in.-Thick Republic Heat 3920556, Grade 200, 18_-Nickel Maraging Steel Plate U
Figure 140

I ,I
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i ° \I _l
0

i ,.-.t o

%

!
¢'_ __ r"4 ,--t ,-'4 r"f

"_ q_

!
_,.S ,o ,o
• gl

Effects 3f Double-A_ing Treatments on the Slow-Notch-Bend
Fracture Toughness of Weld Metals Deposited with a Sin_le-U

Joint Configuration and Filler Wire 3_82 in 0.6-in.-Thick

I Republic Heat 3920556, Grade 200, IB%-Nickel, Mar_ Steel Plate
FiGure 1_I

m m m q
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l

t
Notch Impact Toughness, W/A JL

Material Condition Location (in-lo/in._)_

Solution armealed HAZ 1769 I
base metal aged at 1637
900°F for 8 hr after 1794

welding 1740 ]
1741

181___5

Avg. 1745 1

• 1
Solution annealed HAZ 2197 |
base metal double 1812

aged at 900°F for 2113

8 hr after welding 1939
1888 J
2238

_vg 2031 ]

!

!

!

!
Effects of Double-Aging Treatments on the Room Temperature

Precracked Impact Fracture Tot_hness of Heat-Affected Zones I
of Weldments Made with a Square-Butt Joint Design and Filler
Wire 3_882 in 0.6-in.-Thtck Republic Heat 3920556, Grade 200,

18%-Nickel Mare4_ng Steel Plate •
|Fi_tre 11_2

!
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o o (x!

O_

I
i

_o

°L
(D 0

o _, _ __1 __O _H I _ _-_ _ _1 _'_ F-W_-_ _-_,-_ _-_

L) _:_ "_ OJ OJ OJ _J
• . • • • • • . •

I
t

_i oo_o ooooo0

o_io_o o_ooo_ oooo_• (DO

I =
_:_ "H ['-- ['_ [_'--b- b'- [-- ['-- ff'_ [_-• • ° . • • • _ °

I

J
N ._-I

I _°_ _ °

Effects of Double-A4_i.n_ Tre_l_entl on _ Sloe-Notch-BendFracture Toughness of Heat Affected _ of Weld_nts Made
w_th a Square-Butt JoLnt DeeL_n and Filler WLre 3_k82 in
O.6-_n.-Thlck RepubLic.Heat 3920556, Grade 200, 18%-N_ckel,

I Mating Steel Plate
Figure i_3

I
I m i
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. e,'3 0q od r¢'_ c,'_ ..._-.._- 3'JJSo c;J SS
_-_ I

,-.-t t"- ',D t_u'_ _,12)_ _.
• JSJd So oo ._

"I
"I

--b

O +_ _ <Xg,_J-_O.4OJ OJ OJ kOOOoO --40_O
OJOJ OJOJ •

C4_
• r4

O

!

I

•_ _ _ _

0

Effects of Double-A_n_ Treatments on the Critical Flaw I

: Lem_th of WeldmentePrepared in 0.6-_n.-Th_ck Republic Heat
3920_6, lS_-N_ckel Mara_n_ Steel Pl_te with Filler Wire 3_82

!
m m
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_ ,--4 r-t _1

!

l

"l °

.el

I °
.el

il _,-I
tl)

oj

f _

_ Transverse Tensile Properties of Weld_ents Made vtth Ft_l._er

W$re 07k95 and S1n_le-U Joints in Prevlous_7 A_ed Plate frc_

: Republic Heat 3920556, Grade 200, 18_-H1ckel Mara(_n_ Steel

F_sure1k5

_ m m
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t
1
!
]

Xmpact ,Toughness, W/A
Material Condition Notch Location (in-lb/in_)

Base metal aged before HAZ lh16 -i
welding and reaged at ].778
900°F for 8 hr after 1862

welding. 1858 _"
1461

, Avg. 1675

J

Solution annealed base HAZ 1769
metal aged at 900@F for 1637
8 hr after welding 179h J

1740
171h

181__! l

Avg. iv)_5

]
_
f

]

l
l

Effects of Aging the Base Metal Prior to Welding on the Ro_

Temperature Precrscked Impact Fracture Tot_hness of Heat-
Affected Zones of Weldments Made with a Square-Butt Joint I

Desip end l_l_er Wire _82 in 0.6-Lu.-th$ck Republic Host

3920556, GzaAe 200, 18_-N1ekel M_LnE Steel Plate
|_sura 1_6

!
Iplil lilllll mlliH | I _
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oo _"
_ ,--4 c_co

! _ e4

¢_ ;_ I

I.-.-I _M 0,_

_ _,_ °I._. ....

1
mm_

i-r . _J 0",,cO ,..,,_aO ,'_',,;"0 ,_ 'D

• • , , ° ° • • •

i _ • . ........

Effects of A_l_ the Bale Metal Pri_r _ Weldin_ on theSlow-Notch Bend Fracture Toughness of Heat Affected Z_e of
Wel_ent8 Made with a Square-Butt Joint Design and Filler
W,',re3_8_ in 0.6-in.-Thick Republic Heat 39_0556, Grebe 200,

I Mar_n_ Steel Pl_te
FI_u-el_T

I
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!

Ultimate IJoint 0.2% Offset Tensile Reduction
Configu- Yield Strength Strength Elongation of Area,

ration Material Condition ksl ksi in./in._ % .% I

A Welded, repaired 212 218 9.5 46.3
and aged at 900eF 215 220 13.0 57.3
for 8 hr. _ -- -- !Avg. 214 219 11.2 52.1

A _o_e_,_o__t _ _ _o_ _ i
900°F for 8 hr, 216(1) 221(1) 1.9(1) 4.5(I) J

repaired and re- 217 223 12.1 63.4
aged at 900°F for -f
8 hr. Avg. 216 222 ll.3 55.5 I

7
B Welded, repaired 211 217 12.3 54.2 |

and aged at 900"F 210 216 12.3 5_.2

for 8 hr. __211 --217 12.7 6i.__
%

_ IAvg. 211 217 .-.4 56.7

B Welded, aged, at 211 _16 -3.5 60.8 |
900"F for 8 hr, 212 218 12.4 58.3

repaired,and 212 21V 13.O 55.8
reaged at 900@F -- _ "T
for 8 hr. Avg. 212 2i7 13.0 58.3 ]

Original weld 214 Z20 10.8 59.0 J
aged at 900°F 215 220 11.2 60.4
for 8 hr. 212 218 ll.O 61.2

]Avg. 214 219 ii.0 60.3

]
(i) Specimen containeddefect, elongation 8.ndreduction of area values were not

used in calculatingaverages.

I

|
Transverse Tensile Properties of Repair Welds Made in 0.6-1n. J

Thick Republic Heat 3920556, Grade 200, 18%-Nickel Maraging

Steel Plate with Filler W._re 3_82 and a Single-U Joint Configuration

Figurei_8

W
i
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WlAin.-lblin2
Joint Test Temperatures.°F

Configuration Material Condition -40 RT 200 --

C Welded repaired and 1,707 1,562 1,930

aged at 9OOeF for 8 _ 1,573
hr.

Avg. i,579 i,569 1,922

I C Welded, aged at 900°F 2,005 2,564 2,408
for 8 hr, repaired 23028 2_O56

i and reaged at _OO°F
for 8 hr. Avg. 2,017 2,310 2,417

'i

D Welded, repaired and 1,288 2,000 2,352

aged at 900°F for 8 1,238 _ 2,007
hr.

I Avg. 1,263 1,924 2,180

I
D Welded, aged at 9OO°F 1,085 1,381 1,967

for 8 hr, repaired and _ 1,378reaged at 900°F for 8
hr. Avg. l,208 l,380 l,751

I

Precracked Charpy Impact Fracture Toughness of Repair-Weld

Heat-Affected Zones in 0.6-1n.-Thick Republic Heat 3920556,

I Grade 200, 18%-Nickel Maraging Steel Plate with Filler Wire 3_82
Figure i_9

I
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"I

!

Prop.

Joint Crack Max. Limit I_ (1) (1)
Configu- Width Depth Load Load -TC GIC |

ration Process b (in) a (in) l_ (lb) ksii_, in-lb/in 2 _"

C Welded, repalred 3 .559 .233 ll,020 8,500 ll8. 9 470 "_

and aged at .559 .242 i0,510 8,275 119.8 477 .i
900°F for 8 hr. .559 •215 11,240 9,900 128.9 552

•559 •254 9,580 6,200 94.0 294

•559 .225 11,iio 7,9oo io7.o 38__!

Avg. 113.7 435

--.

C Welded, aged, .559 .280 9,962 6,200 103.6 357

at 900@F for .559 .224 10,668 6,800 91.8 280 ._

8 hr, and reaged .559 .245 10,395 5,900 86.4 248
at 900°F for 8 .559 .230 i1,680 7,450 103.0 352 __

hr •559 •197 12,645 8,200 99.2 327

" Avg. 96.8 315 !

D W_lded, repaired, .559 .247 9,015 7,700 113.7 430 _

and aged at 900°F .559 .204 11,460 8,875 110.5 406 i--6

for 8 hr. .559 .269 9,430 7,200 115.5 444

•559 .247 lO,1AD 7,0O0 103.3 355 -[
•559 .284 9,350 7,200 122.2 496

Avg. i13.0 426

D Welded, aged, .559 .215 10,863 7,700 100.3 352
at 900°F for .559 .259 9,583 6,920 106.9 380 "T

8 hr, repaired .559 •259 9,657 7,475 115.5 443 _|

and reaged. .559 .204 12,100 8,130 101.2 341 J

•559 .26h 8,915 6,320 99._____5 329

Avg. 104.7 369 _

(i) Bueckner Analysis.

!
Slow-Notch-Bend Fracture of Repalr-Wela Neat £fTected Zones
in 0.6-1n.-Thlck Republic Heat 3920556, Grade 200, 18%-Nickel

Marag_ug Joint Configuration Steel Plate with Filler Wire 3_82 I_-
Figure 150
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!

_._ Cdl 04

!

L_tud_nal Tensile Properties of Re_r Weld Metals Deposited
in 0.6-tn.-Th_ck Republic Heat _9_05_6, Grade 200, 18_-Nickel

l Maraglms Steel Plate with Filler Wire 3_82
Figure 151

! 'I
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I t

Joint Te 5t Te_e rat_,,_e, Frac tl,,_e Tol_e s s --r

Configuration Material Condition @F W/A (in. ib/In.2)

A Welded, repaired, -_0 1227
and aged at 900@F 1048
for 8 hr. _ !

Avg. i13[ -_

Room 1315

Temperature 1565

Avg. l&40 i

153_!_

Avg. 169o

l
!
!

Precracked Charpy Impact Fracture Toughness of Repair Weld m

Metals Deposited in 0. 6-in .-Thick Republic Heat 3920556,

Grade 200, 18%-Nickel Maraging Steel Plate with Filler Wire 3_82 l
m

Figure152
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f¢3 ¢¢3 .._ I'_ °"_- •

i
%| _

C_ _J OJ OJ

. _. _. _._

_'_ _ NNNNN
(
I

_ Slow-Notch-Bend Fracture Toughness of Repair Weld Metal
Deposited in 0.6-in.-Th_ck Republic Heat 3920556, Grade 200,

_'_I 18_-NickelMaraglngSteel Plate with FillerWire Heat 3_82
:; Figure 153

m
m
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I Le_out of Gore-l-2B on Plate R-6OO-IA
Flmu_ 155

!
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Element Compos!tion,wei_lht percent* -
• i i i i ,,

C 0.016

Mn 0.04 !I

S 0.010

Si 0.04

Ni 18.10 -'

Mo 4.24

• "i
Ti 0.20

Co 7.59 "I
AI 0.07

"I
B 0.003 _._

Zr 0.02 -_
_L

Ca 0.06"*

1
* Averaged from six locations on the plate pattern 1

,I

** Added in increments of 0.02

!
I
I

Certified Chemical Analysis of Lukens Plate 1_-600-1A i_l_re 156

I
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CcIparison of Strength and Toughness Data for Plate R-_OO-1A

I and Formed Material from Gore I-P.B
Figure157
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50 Percent Hydrochloric Acid 6X I

!
Photc_Kcrogreph of a Cross-Section of Gore Segment 1-RB Through Joggle

Figure 160 J
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f

Knoap HardnessNumbers(500 gm. load) IndentsEach0.010 Inch

0.040" /

D "t- I I A
; / 0.020" / I

., / ---0.040"-- i / B
l 0.020" /

E / c

t Undistorted / I
Grain / Zone /

Structure I of Grain /
; / Distortion /(

Sketch ShowingLocation of MicrohardnessTraverses

l Jailed Zone of Grain Distortion

- Traverse A TraverseB TraverseCAs-R_raged* As-Received Maraged* As-Received Maraged*

325 456 3 ! 9 492 335 474
r _ 296 477 332 470 338 485

338 454 335 445 307 454
325 450 334 474 349 480
340 470 335 477 345 474

- 347 474 338 463 362 443
I 340 480 340 474 ._40 477

338 506 325 480 352 467
334 446 317 496 349 477

323 462 347 509
335 470

UndistortedGrain Structure

[ ,ov.o.o ,ra.o.m
As-Recei'ved Maraged* As-Rece;ved _*

(-
325 426 327 456
319 456 325 467
328 332 5I0
320 454 296 480

334 450 323 485332 443 340 485
294 467 323 477

- 307 462 327 470
319 489 332 489
304 474 338 480

l "900°F/4 hours

Microhardness Transverse Results
Figure 161

!
iN
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1

]

10 Percent Chromic Acid Etch (Electrolytic) 100 X ]

]

!
- Photumicrography of Resolution Annealed Material from Plate R-6OO-IA IFigure 162
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' I Vertical Flanging Press Being Used for Cold Weld Straightening
Figure 163
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I

I
Ultimate

0.2% Offset Tensile Elongation Reduction 1

Yield Strength Strength in I Inch in AreaOrientation ks; ksl % %

900 4 Longitudinal 217 223 12 54 ]

233 239 11 49

2-_ Avg. ]

900 4 Tramverse 209 213 10 51

209 213 11 53 ]

212 216 10 48 ]Avg

900' 4 Longitudinal 202 210 12 56

, l206 212 12 52

206 !212 12 56

_5"Avg. ]

900* 4 Transvenm 206 !213 12 58

209 J215 12 60 ]

212 215 12 58 ]_'Avg.

* Thesetemile specimensweremachinedfromflat weld testplates, madewith LukensPlate IR-600-1 and Special Metals WeldWire, Heat No. 34481.

I
I
I
i

Tensile Test Data Obtained from Straightened Welds Made with

Lukens Plate R-6OO-IA and Special Metals Weld Wire 3_81 I
l

Figure16_

I
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i |,

FLATWELDPLATES COLD FORMEDAND STRAIGHTENED
WELDPLATES

i W/A Values, in-lb/in 2
T.estTemperature Notch in Weld

J -40°F 1197 1204!
R.T. 1343 1513

i 200°F 1394 1682

I Notch in HAZ*•'40°F 922 1114

[' R.T. 1427 1397
2000/: 1362 1280

, Gn¢ (in-Jb/In2)

[ Not_,,We,d
291 292

ii Notch in HAZ*

348 371

i

_ * HAZ - Heataffected zone

[
[
|

A Co_ez£s_ of !'/ane-Blwa/m an4 ]Plmm.-Stmws ]Pesct_ce

Tot_hness Values, Lukens Plate R-6OO-1A and gpecie/ Metals Weld Wire 3kkS1

_, Figure 165

m i
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]
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..._,___ __ _._

, IIII| , •

IEffect of Cold Straighteningof the P_e-.Stz'_tnFracture

Bpecia_ Metals Weld Wire 3_81,FigureSlO_-Notch3.66Bend Spec_ens I I
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I Aging Cycle W/A, in-lb/in 2
{ Temperature,"F Time, hours Orientation Notch Location -40°F R.I'. 200oF

900 4 Transverse WeId 1239 1570 1657

J 1169 1456 1707
AveragD_ _

t 900 4 Tramverse HAZ J 1258 1100 1316- I

i
! 970 1694 1244

- _._ Average _ _I

' NOTE: Thecorresponding0.2O/ooffsetyield strengthat a maragingcycle of 900°F-4 hoursis
210ksi.

[

[
Plane-Stress Fracture of Straightened Weldments Made with

i Lukens Plate R-6OO-1A and Special Meta/J Weld Wire 3_k81
Figure 16T

m
m -
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I

I

Assembled Furnace for Maza_ng 270-in.-_ts Chaml_er I !
FiNe 168

I'
t

|
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i Trunion
Furnace-_ _ _--Location

0 = Outside '

Locatlo_of-_2_J Line 2-_ S = SouthRecorder
Linesof ,/_fAir Outlet k;ne 4,

I Thermocoup'. ; ;----Duct _ ,_.._

u..s-._\I I/_ .-L_..w

Inl|de Skirt _ | I

•t (3,,o_.) _ _-[ -

[ .... I '

('"°') / _

|OTTOM OF FURNACE

I _hermoeoup.l.e Recordin8 Points, 280-tn.-d_a Cue
_ _69

I
i
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I

I
Letter Code Heat No. Thickness_ in. 260-SL-I Component

A 24996-1A 0.610 Cylinder IC-A I

B 24997-IA 0.610 Cylinder IC-B ]

C 24999-IA O.610 Cylinder 2C-A ]

M 25000-6A 0.410 Upper Gores i Ithrough 4

• !P 25050-1 0.410 Lower Gore i0

H 25064-1 0.410 Lower Gores i Ithrough 5

EE 3960819-B 0.610 Cylinder 3C-B I

FF 3960829-B 0.610 Cylinder 2C-B ]

- 63343 - Weld Wire I

Fwd Y -- - Fwd Y-Ring Forging I

Aft Y -- - Aft Y-Ring Forging I

I

I
I_ntlflcatlon of Plates Seleoted for the Complete Profile

Maragimg Stu_ for _-SX_I Material IFi_z_ 176

!
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i
i

Maraging Cycle: All specimensheated to 900°F @ 100°F/hr; held at 900°F
_ for 8 hours, and cooled@ 250°F/hr.

(
0.2% Offset Ultimate Elongation Reduction M.C. Baseline

Yield Strength Tensile Strength in 1 inch in Area Yield Strength* Change

i Material ksi ksi % % ks_ ksi
l

Plate A 244 248 10 51 236 + 8

Plate B 242 247 10 52 225 +17Plate C 244 248 10 49 230 �h�Plate M 232 240 10 50 221 +11

t Plate P 234 241 10 52 228 + 6, Plate H 233 243 10 55 224 �9
Plate EE 227 236 10 53 217 +10
Plate FF 233 241 11 57 220 +13

1 Fwd. "Y" 220 230 11 55 213 + 7
Aft. "Y" 228 235 12 58 218 +10

} Auto Weld 224 229 9 44 211 +13,, i

I NOTE: 63343 data average of five specimenstransverseto weld. All other data average
of three longitudinal or circumferentialspecimens.

f
I * Average of two plate Iocations-Materlal Characterization data for 900°F/8 hourheat treatment

i .

i_ 260-SL-I Material Characterization Tensile Data for aI Complete Profile Maraging Cycle
• Figure.177
,i.

!
i
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*Baselin,eGn_Jn-II_n2

Material Gnc? in-lb/in 2 Loc. 1 Loc..2 SignificantChan_e I

PlateA 188 196 212 none 1
41

Plate B 209 202 239 none
4i

Plate C 195 279 275 clown30% i

PlateM 198 168 196 none 1

PlateP 293 235 263 up 10-20%

Plate H 351 380 436 down10-20% |

Plate EE 325 350 377 down 10-20% 1

Plate FF 276 332 356 down 10-20%
11

Aft Y 374 423 down10% J

FwdY 39B 357 up 10% 1

63343autoweld 282 (GIc) 412 (GIc) i down30%

]

!
I

* BaselinefromMaterial Characterizationdatafor 900°F/8 be.Jrmaragingcycle

I
I
I

260-8L-1 Material Character_=at$ca Gnc Data for & Fu_
Profile l_r_ng Cycle _

I

1967020705-379



i NASA CR 72126, Appendix B

PLATE M

0.2% Offset Ultimate

i Heat-Up Rate, Cool-Down R_te, Yield Strength, Tensile Strength Elongation Reduction

°F/hr °F/hr ksi ksi in 1 in. % in Area_ %

400 Ambient Air 225 235 ll 52
400 200 228 236 lO 52

800 Ambient Air 221 230 lO 53

I
PIATE A

400 Ambient Air 235 242 ii 52

* Ambient Air 236 241 ii 52

(
(

63343 AUTOMATIC WELDS

I 400 Ambient Air 211 220 -- 55400 250 218 226 -- _9
800 Ambient Air 214 222 -- 52

NOTE: All data average of three tensile specimens.
Elongations not reported for weld specimens since all but one specimen

I broke outside gage marks in the weld heat-affected zone.. Maraging Cycle: All specimens were maraged at 900°F for 8 hr; heat-up
and cool-down rates were as shown above.

* Original material characterization data.

l

U
Effect of Heat-Up and Cool-IMam Rates on Tensile Properties

Of Plate M, Plate A, and 633_3 Automatic Welds
Figure 179

l-i
..........,_. m '- n l mm m • •
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i

!
li-

Mara_llngCycle: All specimensheatedto the hold temperatu,esshownbelow_ 100°F/
hour, held 8 hoursat temperature,andcooled_ 250°F/hour.

0.2% Offset Ultimate Elongation Reduction M.C. Basellne ) ]
HnldTemperatureYield Strength TensileStrength in 1 inch in Area Yield Strength Change

q:/hour ksi ksl % % ksi ks;
7

800 208 218 12 53 .... |
850 223 232 11 54 212 +11
900 233 242 11 52 221 +12
050 213 228 12 54 206 + 7 "

f
_b

63343AutcmatlcWelds

. J
800 199 208 11 55 ......
850 210 219 10 51 207 [ + 3
900 221 228 9 49 211 I +10 1r
950 213 222 12 52 202 I +11 [

i

l
,£

J,L_

NOTE: 900°FPlateM baselinedata averageof six tensilespecimensfromtwoplate t_
locations;all otherdata averageof three tensile specimens. ..

All but two weldspecimensfailed in weld metal.

1
]
1
l
I

Effect of Hold Temperature on Te_lile Properties of Plate M

and 633_3 Autalmtic Welds I
I

Figure 180

_ll l_Wll_ I ll '_ nl ll 1 m
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i _ing .Cycle: All specimensheated to the temperaturesshownbelow @100°F/
hour and immediately cooled in ambient air.

!O.2% Offset Ultimate Elongation Reduction

i Temperature Yield Strength Tensile Strength in 1 inch in Area
OF ksl ksl % %

I Solution Annealed 121 143 15 71
700 140 158 16 69

/ 800 155 171 16 66
{ 850 164 178 15 64

900 185 197 13 61

._ 950 190 201 13 61

(

!
NOTE: Solution annealed data average of two tensile specimens;

I*+ all othersaverage of three tensile specimens.

x

I

[

Lf Change _n Strength of Plate M DurSng Heat-Up to the FAra_ng Temperature

Fibre 18].

I
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I Fsti_ Cz_.cked Stress..COrTOSi_ Specimen
_ FII_u_ 183

i , I Ii!
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0 0 0 0 0 0 0 0 0

cO
I
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_1_ _ _ °_
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i_

, il_ _ _ _ ,_,

i_.,._-..._,_=_•

Ceater-Notehed Tensile _ea of _11c Heat 3920556
Grade 200, 18%-Nickel Mar_lng Steel Plate and Weld Deposited

I with Filler Wire 3_82
Figure 18_
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Effects of Soditm DiXie Inhibitor on the Stress-Corrosion

Susceptibility of Grade 200, l_iekel Maraging Steel Plate i

and Wel_ments IFigure 186
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I

I

_

I.

Intergranular Cracking Observed in Center-Notch Tensile SpecimenPrepared from0.6-in.-Thlck Republic Heat 3920556, Grade 200,
18%-Nickel Maraging Steel Plate and Subjected to a Sustained
Tensile Load of 170 ksl while Immersed in I% Sodium Dichromate

I Solution for 45 Days
Figure 187
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Process Evaluation Test Vehicle (PETV) li
Figure 188

1967020705-389



NASA CR 72126, Appendix B

_v

g
Z

I Confi_ation of PETV 1

Figure 189

II •
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I

I
]

Fwd. Head'-_ jr _ShelISect,on I IFAftHead ]

! i' 1

I !
Fig.

"_ I00" i

]

I

!

!

I

I :

Configuration of PETV 2

Figure 190 [I ,
J

U'
II_n In im I m -- --
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ThermocoupleLocation TestSpecimenPlan

I Ion I.D.

i 3" Aft Bc_ - TL 21(., 2!7, 218, I L 244, 250, 251

i_ _.....Aft Head - TL 95, 96, 97• TT 73, 74, 75
IL 117, 118, 119

© ® iT6_,62,
i out out

I _ _" CylinderPlate TL 222, 223, 224
I

out in ._ J_ TT 187, 188, 189
" I _ I IL 18, 19, 30, 31, 278, 279, 280(_ IT 9, 10

IST 13

out in WIA IW 87, 88, 89, 90, 91, 92
(Hangalongweld joint)

I
Fwd. Bou - TL 219, 220, 221

il 1"1"184, 185, 186IndexmQrk IL 252, 253, 254
on flangeface WIA

[
Shell Seam W1B

Wl (Couples)(Couplet ) (2,4,6,8)
(1,3,5,7,11,12)

[
WIC

I
!
J Thercocouple Location and Material Test Specimens for PETV11_1_,u.e 191

I
III m ...... II • "'
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!

I

Thermoco.upleLocation1-10 TestSpec;men Plan I

ft Head 3-TL- 228, 229, 230

3-1L- 324, 325, 326 ]

Io t¢ _ ®l® _.,_._,,0,,,03-TT- 46, 47, 48

out in I_,_,_ in °uj_,._y!|nder Plate 5-BL - 108thru 112

J_ 3-1L- 78, 79, 80

3-1T- 22, 23, 24 ]

@@ |_,,,
-Longitudinal Seam 6-ttW- 97 thru 102

® @ ® _...,,....o._w.,_io,°,_-,_.,_,,,,,, ]out in out 6-1W - 115thru 120
6-1WH-82 thru 87

Fwd. Head 3-TL ° 225, 226, 227 ]) on I.D. 3-I L - 321, 322, 323

!
Thermocouple Location and Material Test Specimens for PETV 2

IFigure 3.92

I
I_jl!L'_IIII m I I m
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Ultimate
0.2% Off#st Tens;Is Elongation Reduction

; Yield Strength Strength in 1 inch in Area
l Material RepreNnted Orientation _i kd % %

Cyl;halerPlate Longitudirml 224.0 229.5 12 52.0
) _-600-!) 227.0 237.0 12 54.2

227.0 236.0 11 57.4
Avg._ _ _
I

i Cylinder Plats Tmnmverme 241.5 246.5 11 52.5
! (R-600-1) 241.5 246.5 12 53.5

I 241.5 246.0 10 49.7

• Heads Longitudinal 226.5 236.0 11 52.5
(R-600-1A) 224.0 232.0 12 60.5

• ( j 226.5 236.0 11 56.8

( • Avg. _ _ _ 59--

Heads Tmnsverie 236.0 245.0 10 47.5

I (R-600- 1A) 236.0 242.0 I 0 50.9234.0 244.0 11 49.1
• Avg. _ _ _

I

14-Inch Flange Tangential I 212.0 224.0 12 53.2
i 215.0 227.0 12 52.5

211.0 213.0 1i 49. I
Avg. _ _T-- _ _r--

I 14-1nchFlange Axial 209.0 224.0 11 48. I
218.0 228.0 11 46.9
217.5 228.0 I1 45.2

i Avg. _ _ I-I"t

3-.InchFlange Tangential 217.0 227.0 ! 1 53.1
217.0 226.0 II 51.8

l 218.0 228.0 12 55.8Avg. NW- _ 13" _F-

I
I

[

Test Results of Tensile Bpee_nens Mare4_ed with PETV 1
Figure 193

I
___+11 _illill "" I I n ;I " m
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II
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W/A at

RoomTeml_rature I
/V_terlol Represented , ,,Orientation in-lb/in 2

Cyllnder Plate (R-600 I) Longitudlnol 813 |
847 JI

831

850 I640
659
810

Average _ 1

Cyl inder Plate (R 600- |) Tram .... 701 |
838 1

Average

Heads (R-600-1 A) Longitudl noI 1258 !
_e

1222

1114 lAverage

Heads (R-600 1A) Transverse 742

826 ]
932

Average _ 1
14-Inch Flange Longitudinal 712

755

Av.rag. _2_ l

3-Inch Flange Longitudinal 711 ]
857

Average _"
• i m

I
• I

Test Results of Precracked Impact Specimens _lraged with PETV 1 I
J

Fisure19_

!
|I _II I I II I I
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.... Results o_ Teneile Sp_ei_en_ Mara_ed vith PETV 1
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I

W/A at IRoomTemperature

Material Represented Orientation , in-lb/in 2

Cylinder Plate Longitudinal 613 1

676

Average 659 ]
Cylinder Plate Transverse 487

.7 |
487

- !
Average 480

Forward Head Tangential 1112 ]

1166

., 114(_ ]

Average 1139 ]
Aft Head Tangential 1003

1126 ]

1117

-- 1
Average 1082

" ]

I
I

Test Results of Precr_cked In_ct Specimens Mara_ed with

FINe 198
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(Specimens Prepared from Wire 63543 and Plate 25000-1)

Tensile Specimens

0.2% Yield Strength, Te_mile Strength, Elongation Reduction in Area,
Orientation ksi ksl in 1 in.,_

L

Transverse to weld 215.5 222.0 12 52.6

(Automatic) 218.0 223.5 11 54.2

215.5 221.5 ii 46.9

Transverse to weld 212.0 217.0 ii 55.8J

(Manual repair) 212.0 218.0 I0 47.5

i 206.0 210.0 i0 57.8

,[ Precracked Impact Specimens
W/A at Room Temperature,

Material Orientation in.-lb/sq in.

I Longitudinalweld Weld metal 947

775

I 72o
Longitudinalweld HAZ 825

I 964

1034

I Manual weld Weld metal 880

821

I 1055

Manual weld HAZ 1082

954

1062

I

I Test Results of Weldment Specimens Mars_ed with PETV 2
Figure 199
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I Contour Map of PETV 2
. Figure 203
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I Ge_e Locations on PETV 2
Strain

Figure 20_

I
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FE_I No. i

!
Strai_ Gage Steel Thickness at Strain

Location No. Gage LocationI in. Basis for Selection |
i 0.635 Center of maximum flat spot I
3 0.640 Ridge of maximt_zflat spot
4 0.630 Ridge of maximum flat spot i

5 0.645 Heat affected zone adj. to max flat spot •
2 0.660 Control gage on cylindricalportion • _-

removed from welds
6 -- Measure strain on aft closure

7 -- Measure strain on _ A closure
8 -- Mismatch of aft head gores
9 0.645 Heat affected zone of aft circumferential

weld-discrepandweld area m
i0 0.660 Heat affected zone on weld W1- i

secondary flat i ,.
ll 0.655 Gage on cylindricalpuz_ion removed

from welds

12 0.640 Heat affected zone on weld WI- m
Cylinder-headtransition area

13 -- Weld rework area on forward head
circumferentialboss weld •

14 0.660 Flat spot in heat affected zone of mweld WIC
.15 -- Area of excessiveweld repai_

NOTE: Interior strain gages mounted at LocationsNo. 2, 3, 4, and 8 were utilized m
in detez_ining bending in these areas. m

PETV No. 2 m

1 0.630 Weld repair area
2 0.635 Weld repair area m
3 0.645 Weld deviation a,ea I
4 0.645 Weld deviation area
5 0.645 Weld deviation area
6 0.640 Weld deviation area •
7 0.645 Weld deviation area !
8 0.645 Control gage
9 0.640 Weld deviation area

i0 0.640 Weld deviation area I
ii 0.640 Control gage |
12 0.640 Weld deviation area

14 0.70) Steep thickness gradient
15 0.640 Weld deviation area

NOTE: Interior and exterior strain gag_s were mounted at Locations No. 8, 9, ll, and
13. All gages except No. 14 were located on the cylindricalport.ion of the chamber. •

| J

m

Strain Gage Locations Summary for 36-in.-_i _-PETV's I
Figure 206

I
)

_ • _ _ _ j_ _ _ _I _J mm _ m,, m m m ,,, - -
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I Typical Bolt Strain Gage (St:-ainse._t)Installati_n
Figure 207

I
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!

Hydraulic Schematic for PETV

Figure 210 I

I
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PETV 1 after Burst
Figure 211

I
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!
PETV i after Burst I

|Figure 212
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/

I in Forward Head of PETV i
Fracture

Figure 2i3

!
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.
Fracture in l_-in.-dia Closure of PETV i

Figure 215

!
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PETV 1 after Burst I

Figure 216

)
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[
Strain-vs-Pressure Plot of Strain Gage Locations i and 15

on PETV I

I Figure 217

-- ....- -------- !m
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I Pressure-vs-Strain Plot at Location 2 cn PETV i
Figure 219

l
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Pressure-vs-Strain Plot at Locations [ and 4 on PETV i

Figure 220

|
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I Pressure-vs-_train Plo_ at Locat_ .ns _ and 5 on PETV 1

Figure 221
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......... _ O@<::]_1:3•

i Pre_ssure-vs-Strain Plot at Locattu_s 9, 11, and 1_ on PETV 1 .

Figure 223
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Pressure-vs-Strain Plot at Locations 10, 12, and 15 on PETV I

Figure 22h

m
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I Bolt Load-vs-Pressure Plot for PETV i
Figure 225

I
m
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Fracture Pattern for PETV 1 ]
Fi&,ure226

]
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PETV 2 after Burst
Figure 227

!
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Aft Head and Portion of Cylinder After Burst of PETV 2

Figure 228

]
m i i
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Fracture in Forward Head of PETV 2
Figure 229

I
• I i
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,It

Test I125L
6-22-6A

Burst Test Ii0_000 --

_H---C- I

£000 I

bD

# 6000--a.i_-._.u,e_,-_ _ " M

aHinside - HI+
(D

t
_ 4000 I

Notes: I !I. Theoretical hoop stress

2000 based on _ _ -

_'H = _ere Ii = 8250 psig, R = I_13
and t at location 8"=.645

o I 1
0 50 10(1 150 200 250 300

Stress, ksi 1 }

1 t
! !

Pressure-vs-lnside and Outside Hoop Stress at Strain Gage

Location 8 on PETV 2 1 IFigau'e 230

! !
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Pressure-vs-Strain Plot at Strain Gage Locations 3, 9, and

i0 on PETV 2 IFigure 23_
!
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Pressure-vs-Strain Plot at Strain Gage Locations 8 and ii

on PETV 2 1

Figure 23_

1
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Pressure-vs-Strain Plot at Strain Gage Locations 12 and 13

I on PETV 2
Figure 235

I
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Pressure-vs-Strain Plot at Strain Gage Locations i_. and 15
o_ PETV 2

Figure 236 I

I
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j Bolt Load-vs-Pressure Plot for PETV 2
Figure 237

I
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Posttest View of Fracture Pattezm on PETV 2
Figure 239

I
1

I
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Fracture Pattern far PETV 2 IFigure 21;0
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